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SUMMARY
Previous attempts to optimise self-supporting 
transmission towers have failed to consider many important 
aspects of the problem. The present work was aimed at 
including such important aspects in the formulation and as 
a consequence it was found that a new approach to the 
optimization process was required. The new approach was 
based on a combination of existing optimization techniques 
and their adaptation to the particular features of tower 
problems.
The inclusion of too many variables in the structural 
optimization problem, would have detrimental effects on the 
computational efficiency of any of the existing optimization 
techniques. However, this difficulty was overcome by 
introducing the concept of dual design spaces together 
with a multistage design criteria, in which the optimisation 
problem is decomposed into stages, each stage containing a 
limited number of design parameters. The stage design 
parameters are further decomposed into compatible subsets.
Each subset was improved rationally using a different 
optimization concept.
Following a general introduction in Chapter 1, Chapter 
2 sets out a review of some aspects of the general features 
of transmission lines which are relevant to the present work.
Chapter 3 describes the formulation of a technique of 
linear analysis applicable to transmission towers. Modi­
fications to the standard stiffness approach were introduced 
in order to make full use of the bilateral symmetrical 
features of the towers, and to cope with the multistage nature, 
of the optimization procedure.
The fundamentals of the optimization approach are 
presented in Chapter 4* The multilevel features of the 
design procedure emphasize the advantages of the
formulation in handling efficiently the many characterising 
features included.
Chapter 5 describes the implementation of the theorems 
of structural variations in the investigation of the internal 
topological configurations of the panels. The established 
theorems , reformulated to deal with groups of structural 
elements, were used to study the effects of variations on the 
structural behaviour and the criterion function of a panel. 
Finally, an approximate method for predicting the effects 
of varying the properties of one or more groups of members in 
a structure based on a least squares error minimization 
technique is presented,
A suitable case study provided by a 220 KV transmission 
line designed by the Finnish company TECALEX and erected in the 
ARAB REPUBLIC OF EGYPT , is presented in Chapter 6. A comparison 
of the TECALEX designs and those predicted by the optimization 
procedure is also presented.
Finally, concluding remarks and suggested improvements 
and extensions are contained in Chapter 7,
3 „
CHAPTER
INTRODUCTION
Design by experience is the oldest method of improving 
design, and it is still a common one. The experience of
other engineers is often embodied in the codes of practice? 
these try to eliminate unsafe design, but tend to produce 
conservative designs. Maxwell and Michell introduced the 
possibility of solving the problem of designing a structure 
for minimum weight by analytical means. The work by Michell 
and others who followed his steps incorporates several 
simplifications which divorce it from real structural design 
since. To date, no real useful application of Michell?s
theory has been demonstrated, although the situation may 
change with the introduction of structural components 
containing orientated fibres. Neither design by experience 
nor mathematical design can easily produce the optimum 
solution to a structural design problem. Structural 
optimization must take account of a large number of design 
variables usually many more than can be handled in a manual 
design process. Many features of an engineering structure 
are arbitrary, discontinuous or otherwise unsuitable for a 
mathematical optimization theory.
Since the second world war, the emphasis on optimization 
has increased, and several new methods of solving ox>t±mization 
problems have been introduced. Linear programming is the
most commonly used of these methods, but for structural 
optimization its use seems to be limited. The structural 
optimization problem can seldom be treated as a linear 
programming one, and artificial linearizations are necessarily 
introduced.
1 .1 G e n e r a l
The developments in engineering design in the last 
decade or so have greatly affected the operations of 
structural design. There, is an increased emphasis
on design methodology? decision making and optimization 
theoryf and in recent years, because of the vastly improved 
tools, optimal design of structures by mathematical 
programming has become possible. The potential applic­
ability of mathematical programming to engineering design 
problems has, since, become widely recognised„ Howeverf 
there is a significant lag between the introduction of new 
concepts by mathematicians and the development of these 
concepts in the form of efficient algorithms for the 
solution of structural problems.
The study reported here seeks to demonstrate a way 
of bridging this gap by approaching the structural opti­
mization problem of transmission line towers in a more 
comprehensive way than has been done before. A mixture 
of conventional optimization techniques a*' well as heuristic 
approaches were used to increase the overall computational 
efficiency and to extend the scope of the employed opti­
mization technique.
1.2 Related research;
Refinements to achieve greater economy of design 
of transmission line towers extended over a considerable 
period of time, and the additional engineering sense and 
effort involved, has always been justified when it trims, 
for example, seven or eight per cent from the weight of a 
$50,000 tower that may be used an average of five times in 
each mile of a transmission line.
Prior to the advent of computers and the approaches 
of mathematical programming, better known as the mathematics 
of achieving the best; the experience of the designer and
his personal equation played the central role in the design
(41^  (8process, in this sense works by Ryle 'and Bergstrom et al
6 .
were Considered to be valuable to the practicing engineer, 
After the advent, of computers, there was an early attempt 
to make use of their immense arithmetic facilities
An as ton in the early sixties used an automated
traditional tower analysis approach together with a complete 
enumeration process to investigate certain geometric and 
topological configurations* whioh were generated automatically 
within the design cycle. His workf although of limited 
value by current standards, certainly demonstrated the 
potential of digital computers in this field.
At about the same time, attempts to make use of the 
well developed methods of structural analysis for skeletal 
structures were made, and the advent of truss analysis 
computer programs such as STRESS 13$°^ and SAP IV ^  ^  
provided a definite step forward because the tower designer 
could model his tower as a space truss. However, there were 
common deficiencies which had detrimental effects on such 
an approach, notable among them is that the designer had to 
assume the .initial member sizes, and as the member forces 
obtained on the basis of these sizes may lead to designs 
that are different from the initial one, the designer has 
to run the program several times until convergence is 
achieved.
Further developments in the technology of transmitting
the electrical power led to the use of structurally more
complex towers which are normally subject to many and complex
loading systems. These facts called for tower design
programs that analyse and design the towers, and iterate to
give final accurate and economic designs in a reasonable
time. These requirements were met by the second generation(n a \of programs such as STRUDL TOWER , Bonneville Power{9 q) c< (<5 )Admins tr at ion Tower Program , STAGG' TOWER Program
and recently the TRANTOWER program ,
All these programs lead to designs that can hardly be 
considered as optimum ones, since neither an optimality 
criteria nor a.n optimisation algorithm are employed. These 
attempts are better considered as leading to economic 
designs rather than optimum designs.
Meanwhile, it was realised that the transmission towers 
are an attractive subject to be optimised. There are 
several reasons for this; firstly transmission towers are 
of relatively simple construction, being traditionally 
made from galvanized steel angle sections connected by black 
bolts. Their foundations are generally simple and the 
cost of erection and inspection are generally small, 
accordingly the cost of the structural steel forms a high 
proportion of the cost of the whole structure, in contrast 
to steel framed buildings for instance. This means that 
even relatively small economies in steel work carry through 
a significant proportional reduction in the cost of complete 
towers. In addition, large numbers of towers are made to
a single design: the additional design cost made necessary
by the search for the optimum design can be covered by the 
savings on a number of towers, whereas it could hardly be 
justified if only a single tower was to be built.
However, it was realised that the optimization problem 
for transmission lines involves too many design variables 
for a direct, solution by any of the classes of single stage 
algorithms. On the other hand the. computational technique 
known as dynamic programming, developed by R. Bellman in 
the early 1950's, has proven to be an especially effective 
approach to the. solution of a related class of optimization 
problems.
In the early seventies attempts were made to apply such
a technique to the structural optimization problem of
f 8 71transmission towers. Palmer and Sheppard ' applied such
a technique to the problem while including shape as a design 
variable.
Sheppard followed this shortly with a more
particularised work which,although similar in nature, 
extended the formulation to include some special features 
of the transmission towers such as alternative loading 
systems f own weight and bends and splices in the maixt legs 
of the towers. Sheppard was able to optimize only 
the bottom part of the tower (up to the waist line level), 
and he assumed a number of fixed internal topological 
configurations to choose between while searching for the 
optimum geometric and topological configuration of a panel...
(39)In a recent work Rag and Durrant treated the problem
in the same manner but were able to extend the work to 
include the part of the tower above the waist line, level.
All the previous attempts shared the common approach 
of analysing the tower by treating each side or face as a 
plane truss, and introducing standard simplifying assumptions 
to reduce the redundant systems to determinate ones»
(38)The work by Twisdale ' is fundamentally different 
from those mentioned above in the sense that he described 
the structural system on a force or flexibility basis 
treating the transmission tower as a redundant space truss. 
However, this work was less investigative than hoped, he 
did not include in the rigorous formulation of the dynamic 
programming problem many characterising features of trans­
mission towers, which restricted, his study to examine the 
applicability of dynamic programming to the problem of 
searching for the optimum design of transmission line 
towers„
1 .  3 O b je ct ,  and S co p e
This work, presents an attempt to develop an optimi­
zation technique applicable to transmission line towers.
Our attitude to the optimization problem is relevant 
here, since it affects the scope of the work. One 
can ask either of two distinct questions. The- first is 
the more ambitious: what is the best of all possible tower 
designs? To answer this demands an extensive study of 
possible materials from timber to plastics, of construction 
techniques, of fabrication technology, and of user’s 
reaction to possible radically different designs. Instead 
we deliberately asked a narrower questions using the existing 
technology (steel angle sections bolted together), the 
now traditional general layout (a self-supporting braced 
tower tapering from ex broad base to cross arms, supporting 
either one or two three phase circuits ) can anything be done 
to reduce the cost of the steel work by modifications in 
topology and geometry.
The adaptability of dynamic programming to the 
optimization of transmission line towers was examined .in 
previous works. However, it was realised that the more 
general problem of considering the influence of both the 
geometric and topological configurations on the optimal 
design of towers, is certainly not amenable to solution 
by the dynamic programming technique, due. to the large 
number of state parameters needed to describe the system. 
Instead the concept of dual design spaces^24',where the 
problem design parameters are decomposed into groups and 
each group is then rationally improved by a different 
technique is followed. Accordingly, a mixed design 
procedure has been developed and implemented in the form of 
an operational program.
The design parameters representing the basic geometric 
and topological configurations of a panel were optimized 
using a multistage incremental complete enumeration search 
within specified geometric limits. The internal geometrical 
and topological configurations were optimized using a 
technique based on the established approach of generating 
a ground structure spanning the distance between the load 
points and the reaction points, and then improving it, if 
possible# by rationally removing groups of members and 
accordingly altering the physical properties of the remaining 
members «
It can foe noticed, that each panel.was optimized in 
two levels. In the first level, the system master planner 
allows the design parameters defining the basic geometric 
and topological configurations of a panel to change 
incrementally within defined geometric limits, thus, 
generating a spectrum of feasible geometric possibilities.
Each generated geometrical configuration is then investigated 
in the second level, where the best internal topological 
configuration is selected. All the operations carried out 
in level 2 are controlled by the sub-system master planner, 
and there is a positive and negative feed back of informations 
and decisions between the system and the sub-system master 
planners. The problem, thus, has an interacting nature and 
the developed mixed optimization procedure is related to the 
more general concept of multi-level or hierarchical systems 
opt inti z a t ion.
A significant change in the approach to the problem, is 
the consideration of the coupling between the boundaries of 
the feasible geometric manifold, the design parameters and 
the value of the tension in the material of the conductors. 
Accordingly, as the search proceeds for the optimum values 
of the design variables, at the same time the coupling was 
rationally aiding the process by selecting the optimum value 
of the tension in the conductor and changing the basic 
dimensions of the tower.
The multistage nature of the optimization technique 
and the selected downward ordering of the investigated stages, 
necessitated the use of a multi-stage analysis technqiue, 
where every intermediate panel was analysed as a redundant 
space truss under the action of sets of external loads 
and the compatible reactions, and boundary conditions that 
simulated the effects of the supporting substructure.
Additional features were incorporated to particularise 
and to extend the scope of the basic formulationf so that the 
developed mixed optimisation method could be used effectively 
to optimize transmission line towers, The features incor­
porated include, a simple and practical approach to arrive 
at the first, feasible design and to define the boundaries of 
feasible geometric manifold, estimation of the wind forces 
acting on the framework of the tower, selection of members 
from a list of discrete sections, a realistic formula for the 
design of struts, alternative loading systems, limitations 
on the freedom to change the cross-sectional areas of the 
main legs and their profile, selective choice of free and 
dependent design parameters according to the type of the 
tower under consideration, arbitrary limitations on the 
geometric freedom, dead weight, and the ordering*of the 
sequence of stages in the multi-stage formulation.
Generally speaking, these features as well as those for 
the selection of the optimum internal topological and 
geometric configurations of a panel, the optimum choice 
of the tensile force in the material of the conductor 
and the multi stage analysis technique, were all incorporated 
in the second level of the multi-stage optimization technique
CHAPTER 2 
The power line in perspective
2.1 The development- of power systems
When electricity is desired by a community it can be 
supplied in one of two ways. Either a local isolated power 
station can be built or a power line can be erected from a 
large, economically better suited, central station supplying 
a number of communities.
The cost per kilowatt is relatively high for the first 
method and, except for very small isolated communities, a 
better investment is obtained with central station supply.
Large central stations have therefore been the type
preferred and are nowadays more efficient by comparison than
ever because of their extensive development. Initiallyr
however, all power stations and systems were isolated from one
another, with transmission lines radiating from the stations
to substations in the district being supplied, Figure 2-1.
From the sub-stations, distribution lines branched out to
supply the consumers. The disadvantages of such radial systems
as these were called, was that a line fault isolated consumers
on the far side of the fault from the power station, and a major
(95)station fault cut off the entire area from supply .
A possible solution to the line fault problem with 
transmission lines was to interconnect neighbouring lines at 
various points, particularly between sub-stations, and to 
duplicate lines where this was not possible so ensuring that, 
in the event of a line fault, sub-stations affected were supplied 
from another line.
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In highly developed countries with a large number of 
central stations, a more satisfactory solution has been found 
by developing the principle of interconnection to the point 
of establishing a nationwide transmission network with all 
power stations feeding into the network rather than to any 
particular area and with all sub stations feeding from the 
network. The problem with this integrated power system is 
the necessity to standardize the frequency and voltage of 
transmis sion.
Distribution in a modern system will not employ radial
feeders but ring mains, which start and finish at the sub- 
OS)station. . Very often, too, there will be a number of 
sub-stations feeding into a large ring main, thus minimising 
the risk of line or sub station faults, interrupting supplies. 
The principle of the ring main is shown in Figure 2-2,
From the above discussion we can see that, to convey 
the electrical energy from the point of generation to the 
consumer, an integrated electrical power system is required. 
This comprises generating stations, line transformers, trans­
mission lines, sub-stations, feeder lines, primary lines, 
distribution transformers, secondary distribution and service 
lines or cables.
The transmission line, as seen, is of prime importance 
in power systems.
In this work, our attention is directed to aerial 
transmission, feeder and primary lines. In distribution and 
service lines pole structures are usually used, rather than 
steel lattice towers. Both pole structures and cable lines 
are out of the scope of this work.
The aerial transmission line
The transmission and distribution is carried out by 
means of conductors situated in the air at a certain distance 
from each other and from the ground,. The conductors are 
fastened to the towers at the attachment points by means of 
line fittings and strings of insulators.
2.2 o1 Tower types and materials
The form of support for lines transmitting high voltages 
varies with the availability and cost of materials, constructional 
difficulties and the relative importance of the line. However, 
when spans are not limited by local considerations, the economic 
superiority of widely spaced tower structures becomes apparent.
Generally speaking, both narrow and broad based tower 
types are commonly constructed in steel.
BROAD BASED TOWERS are of steel lattice type construction, 
with bolted connections and separate foundations for each leg. 
Towers in this case are constructed of galvanized mild and high 
tensile rolled steel angle and flat sections. However, 
aluminium broad based towers have been constructed in the U.S.A.
NARROW BASED TOWERS are generally latticed structures 
of angle, channel o:: tubular steel sections with bolted or 
steel connections. Foundations are usually concrete block 
cast in place.
GUYED TOWERS have been considered in many countries in an 
attempt to find a low cost alternative to the free-standing 
type of tower. There are two main types, the portal and V 
types. Although quite different in outline and appearance, 
both make use of the same basic components of two masts v/ith 
four guys and a connecting top compression arm or tie.
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In the portal type, Figure 2-3, the masts each rest 
upon a thrust footing and the four guys are anchored to two 
double-acting guy anchors. The V type, Figure 2-4, uses 
similar masts at an angle to one another, arranged so that 
the two bear upon one common, slightly heavier, thrust footing, 
and the tops of the masts are separated by a cross arm member 
in tension. The guys are anchored to four single acting guy 
anchors.
Guyed towers have been constructed in Canada, United
States of America, Finland and Sweden from aluminium alloy
sections. One of the new transmission line developments
in Russia is a prefabricated prestressed concrete guyed tower(97)designed for 500 KV lines
As mentioned before, our attitude to the optimization 
problem restricted the scope of this work to the investigation 
of the traditional broad based self supporting transmission 
towers.
Overhead transmission line towers, may be classified, 
according to the purpose of their utilization on the transmission 
line, into;-
a. Suspension Straight Towers;
These are erected at straight sections of the route, 
to serve the purpose of suspending the wires. Suspension 
towers are affected by horizontal loads, (as a result of 
wind pressure on wires and towers), vertical loads due to 
the weight of the conductors, line fittings and strings 
of insulators and the dead weight of the tower itself.
In normal operating conditions, suspension towers are not 
affected by the horizontal forces from tensioning in the 
conductors.
b. Suspension Angle Towers:
These are erected at route turning angle, with the 
wires suspended in suspension strings. Suspension angle 
towers are. used for turning angles up to 10 degrees.
FIGURE 2.5
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Besides loads acting on suspension straight towers, 
suspension angle towers are also affected by bransvex sal 
components of the tension in the conductors and steel 
wires.
c- Anchor and Anchor angle Towersy
These are erected at route straight sections to be 
used in stringing the conductors in the section. In this 
case conductors are clamped from both sides of the 
tower with the same tensioning, and horizontal loads 
become equal and the tower functions like a suspension 
one.
As in the case of suspension angle towers, anchor 
angle towers are also affected by transversal components 
of tension of conductors and steel wires® To provide 
more freedom for the choice of the transmission line 
route, anchor angle towers are usually designed to be 
able to support a full designed span from one side and 
a reduced design span from the other side.
d . Terminal Towers;
These are erected at the ends of the line in order 
to lighten the structures of the sub-stations spans.
In this case the conductors between these structures and 
the terminal towers are suspended with small tensioning. 
For this reason the terminal towers are affected by 
almost one-sided tensioning of the conductors, Figure 2-5.
Finally, it should be mentioned that a large variety of 
tower types on a line makes the line construction and manu­
facturing difficult, Therefore, anchor towers are combined 
with anchor angle ones, which are also used as terminal towers,
A good practice is to have an angle tower suitable for deviation 
angles from 0°-~30°, a second angle tower for deviation angles 
from 30°“60° and finally a tower to be used as terminal tower 
and in the same time being suitable for deviation angles 
60°-90°.
Stress calculations are based on an elastic analysis. 
Whether the tower is analysed manually or using an electronic 
computer, it is based on the assumption that all members are 
axially loaded and pin-connected. In reality, this condition 
seldom exists, but bending stresses in a long and slender 
tower member are generally negligible compared with axial 
stressesc. Members can always be detailed later to minimize 
bending stresses and when it is not possible they can be 
designed to resist them.
It is generally accepted that the results obtained from 
analysing the tower as a redundant space pin jointed truss, 
closely appraoch the actual values. Recent full-scale tower 
tests confirm that the capacity of towers designed according 
to the above mentioned approach.,- is within - 10% of the design 
ultimate loads. When a tower fails to reach the design
loads, the problem can usually be traced to improper detailing 
or misfabrication of a member.
The design criteria for members are discussed in the 
following section.
2 .3   S t r e ss_ A n a1 v s i s
2.4  Design of transmission line towers;
As with all transmission line structures the design 
engineer has a wide latitude in the determination of the design 
criteria. This section presents the more pertinent aspects 
of the design of transmission line towers. The guide lines 
of any design criteria, usually, cover loadings, design 
recommendations, fabrication, testing, erection, foundations.
This section does not include the requirements for the 
electrical components of transmission lines, e.g., safety 
clearances, insulators, sags and spans. These items are 
covered by any followed code of practice.
However, in the following chapters, it will be shown that 
these requirements are of prime importance while determining 
the feasible geometric manifold for any tower.
This section is devoted to the representation of the 
design criteria of the elements, since these criteria will 
be needed to design the components once the forces are 
obtained.
2.4,1 Strength requirements of towers
Generally speaking the purchaser should furnish the 
manufacturer with a complete set of loading diagrams, showing 
all the load conditions the structure is expected to withstand. 
The structure should be designed to withstand these loads with 
no appreciable permanent set in any members and no appreciable 
permanent deformations of bolts or elongation of bolt holes.
2„4,2 Deflections
The effect of deflection of transmission towers may be 
considered for many reasons;
“ Clearances from conductors to supporting structures, 
ground, or edge of right of way are usually not 
affected significantly by deflections except perhaps 
on special spans and line turning angle conditions.
The engineer must be aware of this possibility and 
must compensate for reduced clearances where they can 
occur.
~ Deflections can play an important part, in the appear­
ance of a tower. At line turning angles, the constant 
load in one direction will cause the structure to bow 
and appear to be near failure. There are several 
methods that can be used to design against this,
One method is cambering the tower so that it will
appear straight. The other method is to rake the 
tower when setting it. Finally /the tower can be 
designed to limit deflections, but this proved, to be 
expensive because of the extra heavy rolled sections 
then used.
2,4 .3 A11 owab 1 e Stresses 
(a) Tension Members
The allowable stress on the net section should be taken 
equal to the specified minimum yield stress. To calculate 
the net section, the loss in area because of holes or 
other openings should be taken into consideration.
Prior to the detailed design of the joints the loss in 
area can only be estimated, A loss of 10-15% in area 
is usually considered at the preliminary stages of the 
design.
Tensile stresses in bolts, nuts and plates are not 
considered in this work, hence no reference is made to 
their design criteria.
(h) Cornpress.1 on Merabers
Usually the designer is left to his own discretion, when 
choosing the allowable ultimate compression formula.
Some of the numerous formulae that are. being used by 
utility companies, consulting engineers is given in 
Appendix D. The varied list of formulae cited Illustrates 
the wide range of choice an experienced engineer has 
and afc the same time it illustrates the dangers that 
could develop if an inexperienced designer is permitted 
complete freedom of choice. e
Furthermore, it was realised that in the case of 
transmission towers there are deviations from standard 
practice in structural design, e.g., towers are almost 
invariably constructed of angle sections and joints are 
lapped spliced with no recognition being made of 
eccentric stress transfer because of lap splices.
However, splices are kept as close as possible to a 
panel point in order to minimize the effect of eccentricity 
Bracing members are often connected together by one 
leg only and usually no reduction is made to allow for 
the outstanding leg of the angle being unconnected9 
although some designers do consider only one half of the 
outstanding leg in their design.,
The wide range of choice and the deviations from
standard practice indicated clearly that a new standard formula
is needed. The task committee on steel transmission poles,(94)m  xts report , recommended the use of two formulae for 
both inelastic and elastic buckling:
Fa - Fy- 0 < K.Lr < Cc 2.1
'a IT E (K.L) 2 K.L C
Equation 2.1 is the Column Research Council formula 
for inelastic buckling of steel columns. Equation 2.2, the 
Euler formula, covers elastic buckling. Both formulae will
be discussed in Chapter 4, while presenting the formula used 
to design the compression members..
It should be mentioned that members with nonuniform
cross section may be evaluated according to Equations 2.1, 2.2
and 2.3, if an equivalent slenderness ratio is used. In
particular, the allowable load, P, for a uniformly-tapered
member may be calculated.by multiplying the cross-sectional
area of the small end' by the value, F , computed for the equivalenta
slenderness ratio given by:
K.L
r •' eq ' ro „ n e . c . . a 2.4
in which r ~ the radius of gyration at the small end, and
P*, a coefficient that accounts for the effect of taper.(98)Values of P* are given by Gere and Carter 1 . The procedure 
gives conservative results in the inelastic range of buckling,, 
This is because all cross sections of the member do not become 
inelastic simultaneously, as in a column of uniform cross- 
section. Instead, the cross section at the small end, where 
the axial stress is largest, is the first to become inelastic 
Then, if the member does not buckle at this load, adjoining 
cross sections become successively inelastic as the load 
increases, until the buckling load, is reached.
Equation 2.4 does not apply if sudden changes in cross-
sectional properties occur, as in a member composed of segments
of different thicknesses. Such cases can be treated by
(99)numerical methods Of course, these methods can also be
used for more accurate evaluation of inelastic buckling load 
of prismatic members and uniformly - tapered members.
Additional information on tapered members is given in References 
(100)and (105)? by Lee and Ketter.
(o) Bending
For members supported against buckling out of the 
plane of the applied moment (lateral torsional buckling), the 
allowable bending stress, in tension or compression on the 
extreme fibre may be taken equal to the yield stress.
Members of uniform cross section that are not supported 
against lateral torsional buckling, the allowable compressive 
stress may be determined from Equations 2.1, 2;2 and 2.3 by / j-using the equivalent radius of gyration, r; given in Reference
r 2 1 /l ve.q - —  'cv vCw + 0.4.J, (KL) ....... 2.5m
in which C ~ coefficient that depends on variation in m
moment along the member? I , ~ moment of inertia for
axis perpendicular to axis of bending? S section modulusx
for axis of bending (x- axis); C = warping constantsw
0" ss torsional constant; L = distance between points of 
lateral support, and K ~ effective length coefficient that 
depends on Y-axis rotational restraint at points of lateral 
support (K= 1 if beam is rotationally free? K ~ 0.5 if it 
is completely restrained, etc,, just as for columns)
The coefficient C , may be taken equal to unity,m “but for members acted on by end moments M., and with no 
intermediate loads, the less restrictive value given by
C- = 0.6 + 0.4 i M1 n . „ ,.m — “ 0.4 . ............ 2,62
may be used, in which ? and .ft /ift is positive if the
member is bent in single curvature. Values of C for othe:mloadings are given in References (101), (100) and (67).
Members with open cross section (e.g., I beams, wide 
flange shapes and channels) have rather low torsional stiffness 
thus, lateral torsional buckling must be checked when they 
are bent about the strong X ~ axis of symmetry. Values of 
Cft and J for these shapes in standard sizes are given in 
Reference (102). Formulas for other shapes are given in 
References (100), (103), and (67). *
(d) Shear
The allowable shear stress for members other than fasteners 
may be taken as 0.6 . yield stress, which is a rounded value of
the yield stress in shear (F „ / /3), based on .the distortionY (94)energy yield criterion (Hencky-Mises) .
f2 + 3f2v s F 2 ......... 2.7
in which f = P/A + Mc/I = the normal stress at a point 
of a cross section, and £ = the shear stress at the same 
point. The shear,, v, for rectangular box and I-sections in 
bending can foe assumed to be distributed uniformly over r.he 
web (or webs) of the section. However, in tabular or 
circular, it should be computed using the well known formula
£ « Q.v ' cV ........... / . o
in which I = the moment of inertia of the cross section, 
t - the sum of the thicknesses of the two walls cut by an 
axis of the cross section, and Q = the moment about the 
neutral axis of either of the two parts into which the cross 
section is divided.
(e) Combined stresses
Combinations of shear stress with normal stress due 
to axial force or bending, or both, in members other than 
bolts may be evaluated by the distortion-energy (Fenoky-Mise 
yield criterion, Equation 2.7.
CHAPTER 3
STRESS ANALYSIS OF TRANSMISSION TONERS 
3*1 Introduction
An important part of most optimum structural design 
procedures is an analysis stage which is used to predict and 
assess the effects of the rational changes in a structure,
In the present work, the analysis stage is deeply embedded 
in the adopted mixed optimisation technique, and its efficiency 
is of crucial importance to the overall efficiency of the 
optimisation process.
Accordingly, considerable attention has been devoted 
to developing an appropriate analysis technique bearing in 
mind the need for computational efficiency, but without 
sacrificing too much accuracy.
The approach adopted differs considerably from the 
tradit3 .onal approach to tower analysis, and m  a number ©f 
respects from the techniques used in commercial analysis 
programs such as STRESS,STRUDL TOWER and TRANTOWER.
The traditional approach to tower analysis, although 
considered an unlikely candidate for final inclusion in the 
..multi-stage optimization, was considered first* Aimed at 
minimizing the computational effort, it was undoubtedly 
efficient in certain respects and had also a strong influence 
on the development and selection of configurations commonly 
adopted for tower construction. For these reasons an account 
is included in the following section*
Subsequent sections describe the development and 
validation of the analysis technique, based on the stiffness 
method, which was finally adopted.
The traditional tower analysis approach consists of 
dividing the tower into determinate plane trusses and analysin 
them by means of one of the methods of solution of lattice 
structures.
All the normal methods of solution of lattice 
structures can be reduced to two types s
f 81)The method of section (Ritter's Method) v in which 
equations of equilibrium of all the forces acting on 
the system# including the unknown reaction in one 
member are written with respect to a judiciously 
selected reference point.
The methods based on the equilibrium of all the external 
and internal forces at a node of the system which 
allow the determination of the reactions in two members 
joining this node# provided that the forces in all 
the other members connected to this node are known.
The operations can be solved either algebraically 
or graphically by Cremona's method.
If used properly# these methods give results with a 
comparable degree of accuracy but they all have the same 
disadvantage: they are very lengthy when the system
comprises a large number of members as is the case for tower 
structures# and they are excessively involved for towers of 
non square cross section.
3.2.1 Ritters Methqd^1^
This method was the more popular and widely used# and 
therefore will be discussed in detail showing its basic 
features and shortcomings.
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Let is be required to find the axial forces in the 
members and S ^ e Figure 3-1 (a), due to the loads
of the working operating condition, Figures 3-1 (c).
Due to symmetry in the topological and geometrical 
configuration of the tower and the symmetry in the vertical 
loads, the resultant: vertical force will be distributed 
equally in the four legs of the tower.
The resultant horizontal force will be distributed 
equally in the two trusses BC and AD. Due to symmetry
in topological and geometrical configuration of the tower 
and the antisymmetrical horizontal resultant force, then 
S I  = -S2 and S3 = ~S4.
1) When the wind is acting perpendicular to the 
transmission lineaxiss
Mpbl,2 “ 2 „ b.cosB
S
. . . . .  3.1
+ Mo ..... 3.2
3,4 4.h.cosa
II) When the wind is acting along 45° to the 
transmission line axis:
 Mp
/27b. cosB 3.3
where
S3 4 ~ “ Mo  ^^
4 /2.h.cosa
Mp - The moment of the resultant horizontal force about 
point p. The resultant horizontal force includes 
forces due to the wind pressure acting on the part 
of the tower above section I-I, Figure 3-1. (a).
FIGUi\L J-.L “ EMERGENCY OPERATING CONDITION
The tower is subjected to maximum 
twisting moment.
FIGURE 3,5 -RACIAL FORCES
OPERATING CONDITION
Mo - The moment of the resultant horizontal force 
about point 0, (theoretical point of inter­
section of the main legs).
The separate effects due to the vertical and the 
horizontal forces are superimposed to obtain the total 
axial force in the tower legse
6 , P +P °S - - Mp _ vc ve _ own v/eiqht ,, ^
lf2 /T* b.cos B 4 4
It should be noted that the case of the wind acting 
along 45° to the transmission line axis (case II) usually 
governs the design for the main legs, while the ease of the 
wind acting perpendicular to the transmission line axis 
governs the design for the main- bracing members in the plane 
BC and AD,
Now let it be required to find the axial forces in the
same members S^,S2,S^ and S^, due to loads of the emergency
operating condition, Figure 3-2 (b). In this case, the • .
tension in the broken conductor or conductors - acts
eccentrically at a distance e from the central axis of the
tower, Figure 2-3 (a)„ The forces in the main legs and in a i
bracing member due to loads lying in a plane of symmetry can
be obtained using equations 3.1, 3. 2 13.3 and 3,4. However,
the case of the emergency operating conditions, there are
additional forces due to the twisting moment caused by the
Force Tc, The twisting moment, M, ~ Tc,e , is resisted bytthe two pairs of trusses, AB, CD and AD, BC, The facial 
forces PT ^ and PTp are equal to,
The force T is resisted eciual.lv bv the two trusses c -
AB and CD, Figure 3-1 (fo) f and the resultant horizontal force
Tc T<"*resisted by these two trusses are PT.( - and PTn +tPc 1 i 1 2respectively. The value Pig + should always be used when
calculating the axial force in the main bracing members in 
either trusses, since the position of the broken conductor 
can be reversed to the second circuit. Similarly, the 
value PT^ j + .5 (P^c  ^+ < 1C) , should be used when carrying 
out the design of the main bracing members in the trusses 
BC and AD, Figure 3-3.
Finally, as the applied forces are replaced by their 
equivalent facial components, the following equations should 
be used to determine the axial forces in the mains bracing 
members. The main bracing members in the transverse faces 
(Trusses AD and BC), are acted upon by the inplane moments,
Mof !( PT2 + ■5 lphc+phcl)>-(2a2+aP +phc'{a2+2,,l)+-5Phe-a:
S> O e J-* c O
while, the main bracing members in the longitudinal faces 
(trusses AB and CD), are acted upon by the inplane moments,
TV*
M - =(P T ,  + ~ ) .  ( 2 a „+ a - )  ..... 3.9Oft ± Z  z 1
The moments due to wind should be added to those due 
to forces, M to find the value of the total moment at o,
The forces in the main diagonals, under the effect of 
loads due to the emergency operating conditions, can be 
estimated as:
, MO
S 3,4 - - —   3 -10f 2.h.cosa
FIGURE 3.'!
I>2
T r a n s v e r s e  f a c e
bi
1  o n  g i  t: u c i n a  1 f a  c e
force polygon
f o r c e  p o l y g o n
FIGURE 3.5
if the wind is acting perpendicular to the axis of 
the transmission tower, and as#
O + Mo- 3 # 4 3.11
/2~. h * cos a
if the wind is acting along 45° to the transmission line axis.
3„2»2 Effect of twisting moments on lattice towers
Twisting moments are one of the main forces among 
loads to transmission line towers. It determines the 
expenditure of material for metal tower bracing members.
Suppose, that a prismatic structure is affected by a 
twisting moment acting about the central axis of the structure, 
Figure 3-4.
Under torsion, it is assumed that flat sections 
perpendicular to the longitudinal axis remain flat after 
applying the twisting moment. If the tower is divided into 
compartments by planes passing through the joints, Figure 3-4  v- 
the moment 1ft will act on every plans. The twisting moment 
in the upper plane of every compartment can be replaced by 
two pairs of forces Fft and Pft operating along opposite faces 
of the tower, Figure 3 - 4 .  In order to keep the planes of 
the compartment flat, the vertical reactions in the legs of 
each compartment under the acting forces, Plft and PIft should 
be equal to zero. This condition will be fulfilled if the 
vertical reactions cippearing as a result of the forces which 
act on the two adjacent faces are inter-balanced.
By dividing the tower body into compartments by planes 
passing through the joints and perpendicular to the longitudinal 
axis, let us consider the condition under which the vertical 
reactions are equal to zero.
Consider the two faces of the panel, Figure 3-5, 
due to the twisting moment If , the two faces will be acted 
upon by the two' forces PT.( and PT2, cis shown in Figure 3-5. 
Due to symmetry in the topological and geometrical config­
urations , the forces in the legs of each face are assumed 
to be equal.
I-Ience, from the force polygon, Figure 3-5 ,
then,
and, PT! „h
p = ~  . .... 3.13
2 ~ b2
then, according to the condition of inter-balancing of the 
vertical reactions in the adjacent panels.
R bl 1 ~ h and PT,
■p b2
2 h
PT. .h 3.12
PTl-h _ f V f  = 0 ..... 3.14
bl b2
since.
PT1« a2 + PT2.ax « Mt ..... 3.15
Solving the two equations 3.14 and 3.15 we get,
PitpT - ------— -----± £ — — —  . . . . . 3 .16
n , b 2  a2 ’ ( bl '
and
PT Mt
ale *1+ b2 ’ 0,040 3,17

In the case of towers with square cross sections# 
where ~ and 3ft « ft , equations 3.16 and 3.17 will 
be similar to equations 3.6 and 3.7
The calculations are based on the condition of the 
diaphragm equilibrium under the influence of the external 
forces - which are transmitted to the diaphragm by the 
cross-arm members, and on the internal forces acting in the 
sides of the tower and transmitted to the diaphragms by/ O O \the main bracing elements,
Let us consider the case of triangular cross-arm, 
and 0 bracing type, Figure 3-6.,
The external forces are:
Moment and the force Tc, which are replaced 
at the joints 3 and 4, Figure 3-6, by the forces Tc.L/a and 
Tc/2 .
The internal forces are:
The transversal forces T and the longitudinal forces 
L due to f applied to the diaphragm at the points of 
attachment to the main bracing members.
The values of the forces T and L can be obtained using 
equations 3.16 and 3.17. Then apply the equilibrium equation 
at joints 2,1 and 4, to obtain the axial forces in members 
S1,S2,S3,S4 and S5.
Tc 
T/2 (2)-
{4 1
.. S4
}
T/2
c/4
L/2
131 , **!./,
L/2
r
/  I
Tc/2
Cr
___(n
/
c/y
< ______J
0  
j Tc/2
L*____ Tc.L/a
L/2' . I
--_-5^—«
(4) T/2
?c/4
r
Tc/\
• b j  ~ TRIANGULAR CROSS ARM AND X-BRACING TYPE
51 = 0
52 - (L~T1) / sina
53 « - (L~-T*) cosa / sina ...... 3.18
54 - T
55 « Tc/2
Let us now consider the case where the cross-arm 
is triangular, but the main bracing is of X type, Figure 3-7.
The external forces are the same as the previous case,
however, the internal forces although of the same value they 
are distributed over more attachment points. Figure 3-7.
Applying the conditions of equilibrium at joints 4,1 
and 2, the axial forces in the members are found to be,
51 = (Tl-D/2
52 *» (L-T* ) /sin a
53 = - (L-T*) — -a - ~ ..... 3.19cosa 2
54 “ T/2
55 « Tc/2 - (L+T*) /2
The previous discussion revealed that Ritter's
method is lengthy, especially when the calculations have to
be repeated as many times as there are cases of loading. 
Furthermore, the method has its limitations, since there 
are members in the tower where the forces cannot be determined 
using the previously mentioned equations, e.g., the secondary 
bracing members, secondary members of the horizontal 
diaphragms located along the stem of the tower, and secondary 
members in the cross-arms and the ground wire support.
The a x i a l  f o r c e s  i n  t h e  members a r e  fo u n d  t o  h e :
Nevertheless, such traditional methods were widely
used because they are fairly simple and the results obtained
were found to be in agreement, under certain conditions,(9] onwith those obtained from full scale tests on towers' " 1 .
The main condition was that the slope of the main
(81)
legs should not change by more than 5° (83,81)  ^ otherwise,
the tower should be. treated as a redundant space truss
(34)Sheppard ' reported in his work that the resultant planar 
shearing forces should be amended by the addition of the 
horizontal kink loads as a result of changing the slope of 
the main legs, while following the traditional tower analysis 
approach.
3 - 3 Automated analysis of transmission towerss
3.3.1 Int roduction
After the advent of computers efforts were made to
automate the traditional analysis methods and use them
in an iterative cycle to design towers in a more rational(83)way. Anaston " used such a method together with a 
complete enumeration method to arrive at the optimum design 
of transmission towers. Joukoff and Lecc.m , used an
automated technique based on the equilibrium of the external 
and internal forces at the nodes of the plane system.
Works by Bergstrom et al ^ , Bambaerts Palmer and
( 8 7 ) '  (39)Sheppard , and Packia Raj , were all based on automated
traditional methods in which the tower is analysed by treating
each side or face as a plane truss and introducing standard
simplifying assumptions to reduce the redundant systems to
determinate ones. For example, slender compression members
were ignored, and due to symmetry in geometrical and topological
configurations, in multiple bracing system equal forces may
be assumed in tension and stiff compression members *
4Meanwhile, serious attempts were made to use the 
well developed methods of structural analysis for skeletal 
structure, in the design of transmission towers.
As a result, several computer aids for use in 
transmission tower analysis and design are now available to 
the engineering profession. Notable among them are
STRESS II(88<  and SAP IV ^9 4' for analysis, and STRUDL
(89) (Qtj)TOWER , Bonneville Power Adminstration*s Tower program
(96) (°0 )Stagg's TOWER program and TRANTOWER program for design.
The basic capabilities of all these programs, based on their
User's Manuals, are summarized in Table 3,i.
Although the advent of truss analysis computer programmes 
such as STRESS II, was a definite step forward because the 
tower designer could model his tower as a space truss, the 
following deficiencies were common:-
1. The designer had to assume initial member sizes.
As the member forces obtained on the basis of these 
sizes may lead to designs that are different from the 
initial one, the designer hcis to run the program 
several times until convergence is achieved.
2. The general purpose truss analyses programmes do not
handle planar nodes, a configuration when all the 
members meeting at a node lie in one plane. A planar 
node causes geometric instability resulting in singu­
larities in the stiffness matrix. Planar nodes are 
quite common in transmission towers, making a general 
purpose analysis program inconvenient to use.
Further developments in the technology of transmitting 
the electrical power led to the use of extra high voltage 
multi-circuit towers which are normally subject to many and 
complex loading conditions. These facts called for tower 
design programmes that:-
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1. A n a ly s e  and d e s i g n  a  tower®
2. Iterate to give a final accurate design in
reasonable time.
3o Generate the tower configuration from the provided
key nodes, taking into consideration the symmetric 
nature of the tower.
4. Have the ability to stabilise planar nodes.
These requirements were met. by the previously mentioned 
special prgrammes such as STRUDL TOWER®
3.3.2 Adopted method for the automated analyses of 
t ran s.miss i on towers
Introduction
To increase the overall efficiency of the developed 
mixed optimization technique, it was necessary to tailor 
all its components to suit the nature of the problem.
The developed mixed optimization technique will be 
discussed in detail in Chapter 4. However, at this stage 
we will refer to some of its properties which directly 
affected the nature of the adopted method of analysis.
Firstly, the adopted optimization procedure is provided 
with the facility to generate the basic geometric and topo­
logical configurations of both the first feasible design 
and the ground structures of the sequence of panels. Since 
the generation process is carried out automatically and is 
controlled completely by the sub-system master planner, it wa 
felt that an appreciable amount of the work needed for the 
generation and the checking of the geometric and topological 
configurations can be saved, if it is possible to make use 
of the symmetrical features of the tower.
Secondly, the multi-stage nature of the mixed 
optimization technique and the selected ordering of the 
sequence of the'investigated panels, meant that a multistage 
analysis procedure was required, together with a procedure 
to simulate the restraining effects of the supporting sub­
structure which was yet to be optimized.
Thirdly, the degree of accuracy and the type of 
idealizations assumed, were dictated by the design require­
ments. Generally, the more simplified an analysis, the less 
accurate it is likely to become, and vice versa. For example, 
an analysis that takes into account the effect of elastic- 
plastic behaviour, partial rigidity of connections, finite 
joints sizes, geometric and material imperfections, fabrication 
and erection stresses, etc., would probably predict quite 
accurately the behaviour of the structure (provided the applied 
loading was known with similar accuracy), but would inevitably 
be expensive in terms of consumption of computer resources. 
Conversely, an analysis based on a much simplified abstraction 
of the structure, such as the various traditional methods of 
analysis, is frequently economic in time but prone to produce 
results of questionable accuracy. On the other hand, the 
practice of design of a tower member fundamentally
based on the value of the critical axial force in the member 
and its critical slenderness ratio. Accordingly, an
analysis based on the assumption of pin-connected members 
would provide the necessary information to adequately design 
the members in accordance with such a design philosophy.
Finally fit was decided that a good compromise would be 
to carry out the analysis based on the assumption of linear 
elastic behaviour of the material, members and overall 
configurations of the structure and that all the members are 
pin-connected to the joints. Under these assumptions
the well known stiffness method of analysis was implemented 
and adapted to meet and take advantage of the special features
of the class of structures being investigated and to conform 
with the environment provided by the multi-stage optimization 
technique of wh'ich it formed a part.
PIan ar Nodes and Mechanisms
In a space truss, some nodes may have all the joining 
members lying in the same plane. Mathematically, the node 
is unstable normal to the plane. Thus, some special 
provision must be made such as adding a support or connecting 
fictitious members to prevent the resulting singularity in 
the sti ffne s s.
In the adopted method of the analysis, special routines 
were used to automatically search for and then stabilise 
such nodes by making appropriate modifications to the stiffnes 
matrix. These had the effect of resisting deformations 
normal to the plane without changing the physical character­
istics of the structure.
Although unstable mechanisms formed by a group of nodes 
and members may occur easily in a space truss, they are not 
common in the type of topology selected to represent the 
tower, Figure 3-15. On the other hand mechanisms formed 
by single nodes are quite common as shown in Figure 3-15.
The program locates these joints according to their position*, 
the internal topology of the panel and the position of the 
diaphragms and their topology as well. As a further check 
the program checks each diagonal term of the decomposed 
stiffness matrix of the structure after implementing the 
boundary and symmetry conditions. If any of those terms 
is equal to or less than a normalised zero, the final result 
will be suspect. A search for such instability is made 
through all the diagonal terms, and appropriate diagnostic 
messages are printed for the user to correct the situation.
4 8 *
UtilisatIon of Symmetry
It can be' seen from Figure 3-11, that the structure 
possesses two planes of bilateral symmetry, aa and bbf 
dividing the structure into four segments labelled, 1.2,3, 
and 4. each segment being a mirror image of the two 
adjacent segments. However, an inspection of Figure 3-3.0 (b) 
shows that the applied loading system is not symmetric about 
either of the two planes of geometric symmetry. Consequently, 
it is not possible to adopt the common technique of analysing 
just one segment of the structure, say segment one, by 
isolating it and imposing constraints on boundaries of 
symmetry aa and bb to implement the symmetry conditions 
prevailing there.
In general, when the loading system on a structure 
possesses no symmetry properties, it is necessary to analyse 
the entire structure -- which can be a formidable task if 
we considered the internal topology of the tower. Fortun­
ately, however, in the case of linear analysis it is possible? 
to make use of the principle of skew symmetry, and by combining 
analyses involving first symmetry and then skew symmetry, 
an analysis for arbitrary loading can be accomplished without 
treating more than one segment of the structure.
The procedure adopted for the present structure was to 
analyse segment one, four times, each time imposing one of 
the four possible combinations of symmetry conditions on the 
boundaries aa and bb and choosing in each case an appropriate 
loading system in accordance with the scheme set out in 
Figure 3™12. For example, if a joint in segment three 
carried a load of 4W, then the corresponding joint in segment 
one would be assigned a load of W for the first analysis(aa 
and bb both taken as planes of symmetry), - W for the second 
analysis (aa taken as a plane of symmetry, bb as a plane of 
skew symmetry)r - W for the third analysis ( aa skew, bb 
symmetric) and W for the last analysis (aa and bb both skew).
To obtain the results for the entire structure, it 
is necessary to combine the results of the analysis for the 
four cases of constraints A ,B,C and D in four different ways, 
each combination giving rise to a set of displacements, 
forces and reactions valid for one particular segment of the 
structure as shown in Figure 3-13.
Finally the procedure selects the maximum conp.ress.ive 
and tension forces of each member from all the loading cases.
Segmental Analysis:
Introduct1on
Let us recall that for structures possessing two planes 
of bilateral symmetry, dividing the structure into four 
segments each being a mirror image of the two adjacent segments 
and for a general case of loading that possesses no symmetry 
properties, it is possible to analyse a segment of the structure 
four times, each time imposing one of the four possible 
combinations of symmetry on the boundaries of symmetry, and 
finally the results of the four analysis are combined in four 
different ways each combination giving results valid for one 
particular segment of the structure.
To assess the convenience of analysing one segment of the 
tower instead of the whole tower, the sample structure shown 
in Figure 3.8 was to be analysed on a segment by segment basis and 
also as a complete structure so that the validity and accuracy 
of the segmental analysis procedure could be verified. The 
general dimensions of the tower are shown in Figure 3-10 (a) 
and the design load scheme is shown in Figure 3-10 (b) ( it
represents a typical case of emergency operating condition).
The basic topological configuration, chosen to represent the 
general dimensions is represented in Figure 3-8.
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Jdeal1satIons
All the members are considered as straight prismatic 
members, pin-connected to the joints. The ratio of the 
cross-sectional areas of the main leg members to those of 
main bracings, secondary bracings and plan bracings 
(diaphragms) is considered to be three to one. Joint number 
1, Figure 3-8, is considered to be attached to a rigid 
foundation.
/
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Segment Segment 1
h
■RE 3,11 - F1AN VIEW OF THE TOWER AT THE LEVEL OF ONE 
OF THE CROSS ARMS
Member
Maximum 
C ompressive 
force (kg)
Member
Maximum j 
C omp ressive 
force (kg)
I - 2 -.2515 u 2 34 21-23 -424.912
1 - 3 -2654.584 21-28 -2234,735
1 - 4 -26618.127 21,„25 -3011.754
2 - 4 -2992.446 21-26 -2955,709
3 - 4 -2930,372 21-27 -3472,590
4 - 5 -3993.. 802 26-28 -152.387
4 - 6 -2205.588 26-2.9 -3298.720
4 - 7 -24501.151 27-2,8 -479.915
5 - 7 -4578.269 27-2 9 -3204.855
6 - 7 -2725.174 28-29 -2312.453
7 - 8 -4147.982 29-30 -1543.181
7 - 9 -3823.841 29-31 -230.846
7 - 10 ”19238.022 29-36 -1287.865
8 - 10 -4710„46 9 29-33 -2238.714
9 - 10 -4168.315 29-34 -579.521
10 - 11 -5307.519 29-35 -1047.206
10 - 12 -3316.944 34-36 -428.724
10 - 13 -15901.520 35-36 -588.988
11 - 13 -5670c 687 36-37 -153.722
12 - 13 -3657.042 36-38 “857.163
13 - 14 -1067«46 8 17-20 -838.308
13 - 15 -1041.156 25-28 -183.732
13 - 20 -7671,684 33-36 -1036.852
13 - 17 -2590.631 14-15 -301.546
13 - 18 -4666.269 14-16 0.000
13 - 19 -5833.340 15-16 0,000
•18 - 20 -695.290 22-23 -401.113
18 ~ 21 -6248.042 22-24 0.000
19 - 2.0 -737.300 23-24 0.000
19 - 21 -6631.851 30-31 -363.710
20 - 21 -6817,086 30-32 ! 0.000
21 - 22 -1077.457 31-32 0.000
T a b l e  3 - . i i
LOAD CONSTRAINT CONDITION
magnitude j segment A B C D
4W 1 W W w W
4W 2 W w -w ~w
4W 3 W “W - w . w
4W 4 w -w w —W
Constraint
case
Condition Imposed
a - a b - b
A symmetric symmetric
B symmetric skew symmetric
C skew symmetric symmetric
D skew symmetric skew symmetric
Figure 3 - 1 2
Combination of 
Analyses
A *b B + C D
A ~ B + c - D
A - B - c + D
A + B “ c - D
Result valid for 
segment
Figure 3 -• 13
The results given in Table 3-i.i, were compared with 
those obtained from a. general purpose program for the analysis 
of space trusses, and they were found to be identical as 
expected.
Conclusionsj
The results stressed the fact that for towers that 
possess two planes of bilateral symmetry and subjected to 
loads which are non symmetric about either of the planes 
of symmetry, correct results can be accomplished by four 
analysis of a segment of the tower, instead of analysing 
the entire tower. The full potential of the segmental 
analysis procedure is yet to be achieved when incorporated 
in the multi-stage optimization procedure. In such case, 
under certain geometric and topological configurations 
and design loads, the analysed segment of a panel can contain 
as many as 200 joints. As will be shown in Chapter 4, the 
repeated automatic generation of the topological and geometric 
configurations of the panels are completely controlled by 
the sub-system master planner, this means that an appreciable 
amount of work needed for the repeated generation and 
check of the topological and geometric configuration of each 
panel, can be saved by generating only one segment of a panel.
Multi-stage analysiss- 
Introduction
The multi-stage nature of the developed mixed optimi­
zation technique, and the downward ordering of the sequence 
of investigated panels, required an analysis program which can 
analyse a panel of a tower while simulating the restraining 
effects of the supporting substructure., which is yet to be 
designed.
The aims of the investigation carried out in this 
section are two, first to investigate the effect of the 
boundary conditions on the distribution of the forces in 
an intermediate panel of a tower, and secondly, to arrive 
at a practical and simple method to simulate the restraining 
actions of the supporting substructure„
Two structures, Figure 3-14 and 3-15 were needed for 
the investigation® Their geometric and topological 
configurations are shown in Figures 3-14 and 3-15 together 
with the external applied loads®
2 deallsations
All the members are considered to be straight prismatic 
members, and pin connected to the joints® The ratio of the 
cross-sectional areas of the main legs members to those of 
the main bracing members and the secondary bracing members, 
in the investigated panel are three to one and six to one 
respectively, and half that ratio for members in other panels® 
The joint number 1, Figures 3-14 and 3-15 is assumed to be 
attached to a rigid foundation®
The same procedures used to implement symmetry 
conditions and to stabilise planar joints discussed previously 
arc followed in this investigation.
Invest1gation
The investigated panel is shown in Figure 3-14, and the 
analysis of the structure will yield the maximum compressive 
forces in the members of the panel and the components of the 
reactive forces acting at the points of attachment of the 
upper and the investigated panels.
These reactive forces were then considered as external 
set of forces acting on the structure shown in Figure 3-15, 
which is then analysed using different boundary conditions to 
simulate the restraining effect of the actual supporting 
panel, the results were compared with those obtained from 
the analysis of the structure shown in Figure 3-14, to assess 
the feasibility of the simulation procedure.
The first and the obvious choice of the restraining 
conditions, since it is the easiest to implement, is to 
consider joint 4, Figure 3-15, to be attached to a rigid 
support. The maximum compressive forces obtained to this 
restraining condition are shown in Table 3-iii.
The alternative to the previous choice of the restrain­
ing condition is to consider the investigated panel to be 
elastically supported by the attached sub-structure.
The mathematical variation theorems in their generalise 
form. Chapter 5, were incorporated in the program for the 
investigation, in order to provide the possibility of 
studying the effects of changing the cross sectional areas of 
the supporting sub-structure on the axial forces in the 
investigated panel, if this step was needed to arrive at an 
acceptable simulation procedure. Table 3-iii, shows the 
results obtained following this approach.
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Table 3„± ii
Invest igated panel 
Fixed support.. Figure 3-15
Investigated panel 
elastic supports 
Figure 3-l5
Original Structure 
Figure. 3 - 14
Member U0•P00)CO
Maximum 
Compressive 
force (kg)
Member uo4_iOa)CO
Maximum 
Compressive 
force (kg)
Equivalen
lent
member
u0Jjo<D00
Maximum 
Compressive 
force (kg)
1-2 0®0 1-2 4 -146.849 1 - 4 7 -144.920
1-3 0®0 1-3 2 -146.849 1 - 3 2 -144.928
1-4 0®0 1-4 1 -2998.125 12-15 1 -2996.354
4-5 1 “1694.971 4-5 1 -1694.968 15-16 1 -1694.968
4-6 1 - 498.670 4-6 1 -470.635 15-17 1 - 469,427
4-7 2 - 498.670 4-7 2 -470.635 15-18 2 - 469.427
5-8 1 -1695.012 5-8 1 -1695.010 16-19 1 -1695.009
6-10 1 - 441.350 6-10 1 -413.173 17-20 1 — 412.093
7-9 1 - 441.350 7-9 1 -413.173 18-21 1 “ 412.093
8-12 1 -1695.127 8-12 1 -1695.127 19-23 1 -1695.126
9-14 4 - 462.321 9-14 4 -435.125 20-24 4 - 434.734
10-13 2 - 462.137 10-13 2 -435.021 21-25 2 -434.798
12-15 1 -1695.127 12-15 1 -1695.127 23-26 1 -■1695.126
13-15 4 - 438.891 13-15 4 -438,890 24-26 4 - 438.890
14-15 2 - 438.890 14-15 2 -438.890 25-26 2 -•438.890
5-6 3a .089 5-6 3 - .089 16-17 3 .089
5-7 3 .089 5-7 - .089 16-18 3 ,089
■mm_„_i-f,-, x _ vtsvasi^iwjstx^; *
(vcrtir•J)
^  J o i n t  l y i n g  i n  P l a n e  A o f  S y m m e t r y .
Other notations arc similar to those S.n rjgv.re
30
-1
P l a n a r  j o i n t  
J o i n t  l y i n g  i n
FTGljRF 7 it\ k \-*Ji «>j i
Plane B of Symmetry.
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The results obtained following the first choice of 
restraining conditions revealed that the maximum compressive 
forces in both the main legs and the secondary bracing 
members are almost identical to those obtained from the 
original structure, Figure 3-14. However, the maximum 
compressive forces in the main bracing members are different 
from those obtained, from the original structure.(the maximum 
difference is ‘7.01% in members 6-10, and 7-9),
Although it might be argued that this difference can foe 
accepted since the design of the main bracing members is 
generally governed by local stability limitations rather than 
stress limitations, it was decided that a better estimation 
of the forces is needed. This decision was strengthened
by the fact that, according to the formulated optimisation 
procedure, the analysis routines will be called again to 
analyse the same panel while searching for the optimum 
internal topological and geometric configurations, Figure 3-16 
which indicated that a further deviation from the actual force 
in the panel is to be expected. On the other hand, the
multi-stage nature of the analysis and the optimization 
procedures, indicated that the deviations will propagate to 
the fo.llov7.ing panel through the panel reactions. As the
optimization proceeds from panel to panel there would be 
accumulations of deviations which would be bound finally to 
give unacceptable results.
The alternative choice of the restraining condition 
based on the assumption of considering the investigated panel 
to be elastically supported by the attached sub-structure, 
was felt to be more realistic, however, the problem is, from 
the organisation point of view, neither its geometric and 
topological configurations nor the properties of its elements 
are available.
t> 4 r
As a first guiss, it was decided to select a skeletal 
system having the basic geometric and topological configurat­
ions of the supporting panel, and assume that the elements 
have the same properties as those of the similar elements in 
the investigated panel.
The results obtained according to these idealisations, 
were almost identical to those obtained from the original 
structure. These idealisations were considered to yield 
satisfactory results and the routines for mathematical 
variatxons provided to arrive at further idealisations by 
choosing other ratios of the properties of the elements of 
the supporting skeletal structure, were not used.
Accordingly, the approach of using the basic geometrical 
and topological configurations of the first feasible design 
together with the values of the physical properties of a 
panel, to simulate the restraining actions of its supporting 
substructure proved to be quite satisfactory from both the 
computational and organisational points of view.
Finally, it was decided to implement this approach 
together with that of analysing a segment of the tower, 
find incorporate these analysis routines in the second level 
of the developed mixed multi-stage optimization technique.
4•1 Intraductions-
Several different techniques have been applied to solveMS)the structural aesign optimization problem, Moses ?
Cornell, Reinschmidt and Brotchie^16  ^ and Romstad and Wang^17  ^
have developed techniques based on the application of the well 
known Simplex method of linear programming. They approximate 
the non-linear programming problem by a sequence of linear 
programming problems„
Gellatly and Gallagher^18<  Brown and Ang^19<  Moses and 
Onoda have all used methods of ’feasible directions' 
to solve the optimization problem. In these methods the 
search is first directed towards the boundary of the feasible 
region and later continued, roughly speaking along the boundary.
Another category for non-linear programming methods is 
based on the so called penalty function techniques. The basic 
idea here is to reduce the constrained problem to a sequence 
°f unconstrained problems, the solutions of which converge to 
the solution of the original problem. This is done by aug­
menting the constraints with the objective function in such
a manner that optimizing the augmented function penalizes any(21)Violation of the constraints. Schmidt and I7ox used an
exterior penalty technique, while Kavlie, Rowalik and Moe(2 3)and Marcal and Gellatly " applied an interior penalty technique 
The two types of penalty functions interior and exterior ones 
are classified depending on whether or not the solution of the 
unconstrained problem is interior to or exterior to the original 
feasible region.
All the previously mentioned techniques, handle all the 
problem design variables in a single stage, and consequently 
are classed as single stage optimization techniques. In the
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case of a general non-linear optimization problem with 
several hundred variables and constraints, which is rather a 
conservative figure, by the standards of the sizes of the 
problems in the field of structural design, the formulated 
optimization problem although mathematical.]y conceivable is 
unlikely to be practical as far as the computation time and the 
storage requirements are concerned. This then re-introduced 
a dominant factor in the use of optimization methods for 
structural design - the question of economics.
While this may be regarded as providing a very severe 
restriction on the classes of structures capable of being 
optimized, it has been found that this need not always be the 
case® A completely different approach to the problem, where 
the optimization problem is decomposed into a series of 
problems each containing only a few variables, proved to be 
quite successful®
i r t i (25,26,2 7,28,29) n , ,,a number of books f # f r that explaxn the
fundamental ideas of this approach are available.
The first users of the technique, employed the allocation
(70)model of dynamic programming® Kalaba considered the
problem of obtaining the minimum weight design of a statically 
determinate structure for a prescribed, degree of reliability®(31)Khachaturian and Haider developed and extended this approach
to statically determinate trusses in which area were allocated 
to the various members such that the volume was minimum for a 
given reliability.
The network decision model of dynamic programming has had
more successful application to the optimization of structures(32)Gable and Desantis considered a composite continuous welded
highway girder of constant depth in which the plate thickness
and the steel type were allowed to vary along .the length of the
girder. By decomposing the girder into a number of subelements
they were able to use a dynamic programming approach to determine
the optimal subelement joint locations which minimized the(73)material and fabrication cost® Palmer used the network 
decision model and the lower bound theorem of plastic analysis
67.
to optimise frame structures for minimum cost. His investi­
gation was limited to unconstrained problems and one state
(34)variable for each stage. Sheppard used the same network 
decision model to optimize pin-jointed space structures, (35)including geometry among the design variables. Aguilar 
discussed the concept of suboptimisation and presented an 
example which considers a structural system consisting of a
( O /T \slab, columns and support foundations. Goff applied the 
principle of sequential decision theory to obtain the minimum 
weight of cantilever trusses. His solutions compared favour­
ably with the known Michell structure solutions. Rao' and 
Mukhopadhyayinvestigated the optimal design of statically
determinate curved and parallel chord trusses subjected to(38)moving loads. Twisdale * 'applied dynamic programming as an
optimization technique to structural design problems. He.
considered both the allocation and network decision models of(39)dynamic programming. Packia Raj and Durant presented a 
generalised formulation of dynamic programming for direct use 
in structural optimization. They used a tabular computation 
process to deduce the optimum returns and optimum state vectors 
for each stage.
4.2 Des1gn proceduxe s
It was realised that the number of design parameters 
needed to fully describe the behaviour of the structure being 
investigated was too great to permit optimization by the use 
of single stage optimization techniques. Furthermore, the 
more general problem of considering the influence of both the 
geometrical and topological configuration on the optimal design 
of the structure under consideration, is not amenable to 
solution by the dynamic programming technique due to the large 
number of state parameters needed to describe the state of the 
system in this case.
6 8 .
Instead the concept of dual design spaces was used, 
where the design parameters are decomposed into two groups 
and a separate search technique is then used to rationally 
improve each group.
The organisation of the optimisation procedure and the 
description of the program are discussed in Appendix F. 
However, a brief description of the design procedure used is 
thought to be of advantage.
The starting point for the search for the optimum design 
is the first feasible design, and the procedure to arrive 
at the first feasible design is presented in detail in section 
4.3.1.
Having defined the first feasible design the structure 
is investigated sequentially, moving from the. top panel 
downwards through the tower body. The design parameters 
defining the basic geometric configurations of a panel are 
allowed to change incrementally within defined geometric 
.'Limits (see section 4.3.9). Each generated geometric combi­
nation is then investigated in two levels.
In the first level, the basic geometrical and topological 
configurations of a panel are used together with the segmental 
multi-stage analysis procedure described in Chapter 3, to select 
the cross-sectional properties and design conditions of the 
first feasible design. This would lead to the determination 
of the basic ground structure and to the definition'of the 
basic internal topological configuration. The ground structure 
is then investigated in the second level to arrive at the best 
internal topological configuration. The policy of selecting 
the optimum internal topological configuration is discussed 
in detail in section 5.6.
From the above discussion it can be noticed that to 
investigate every geometrical combination of the design 
parameters defining the basic geometrical dimensions of a 
panel, two stress analysis operations are needed. Following 
each operation the elements of the cross-sectional areas 
of the members are selected to fulfil the stress, deflection 
and slenderness ratio constraints. The dominating stress 
and deflection constraints were modified to include slender­
ness ratio constraints, see section 4.3.10.
Having investigated all the possible geometric combin­
ations of the design parameters defining the basic geometrical 
configurations of a panel, the weights and the relevant values 
of the design parameters are tabulated.
4 . 3 /additional features included In the des 1 gn procedure:
The basic features of the design procedure were outlined 
in the previous section, however, it was necessary to include 
additional feeitures so that the optimization procedure could 
be used effectively to optimize transmission line towers.
The additional features to be incorporated were:-
A simple and practical approach to arrive at the first 
feasible design.
Estimation of the wind forces acting on the framework 
of the structure.
Optimum choice of the tensile force in the material of 
the conductor.
Selection of members from a list of discrete sections.
A realistic formula for the design of struts.
Alternative loading systems.
Limitations on the freedom to change the cross-sectional 
areas of the main legs and their profile.
Selective choice of free and dependent design parameters 
(defining the basic geometric dimensions)according to 
the type of the tower under considerationc
~ Arbitrary limitations on geometric freedom.
- Other panel shapes besides the X-panel®
Dead weight®
4.3.1 A simple and practical approach to arrive at the 
first felasib le design.
Usually, the starting point in the structural design 
of the towers is the preparation of the loading schemes and 
the general dimensions for the different, types of towers,
Figure 4.1. Generally speaking, such preliminary information 
is arrived at such that the electrical requirements of the 
towers are fulfilled, but often without paying sufficient 
attention to the mechanical requirements.
As an example, the value of tension in the material cf 
the conductor under erection conditions, is usually selected 
so as to stress the material of the conductor to its limit 
under the specified working conditions® Accordingly, the 
values of the conductor sag HI and the height of the tower 
cross-arm above ground level H5, Figure 4®1P are minimum for 
a specified value of design span® Bearing in mind that the 
self-supported transmission tower is more or less a free 
cantilever, it was generally believed that by reducing its 
height the volume of the material per tower was bound to be 
reduced ®
Such an approach is unsound® The optimum solution need 
not correspond to minimum tower height, since in that case the 
value of tension in the conductor.is maximum® Furthermore, 
there are other factors besides the tension in the conductors 
and the. height of the tower which finally affect the volume 
of the material per tower, such as the wind forces on the tower
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U7 
H8
ICR - Distance between point of attachment of the i n s u l a t o r
string and the nearest metallic surface.
Cf2 tri3 - Swing angle of the conductor in suspension and a n g l e
towers respectively.
ct 2 - Protection angle.
}}$ - Length of insulation string.
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which are a function of both the geometric and topological 
configurations, the type of the tower whether it is a suspension, 
anchor angle, or terminal tower, the turning angle of the 
transmission line route in the case of anchor angle towers 
and finally the governing electrical and structural regulations. 
The coupling between these factors is clear and it is very 
difficult for a person without the proper tool to take the 
proper decision regarding the values of the general dimensions 
and the value of the tension in the conductor which will 
result in an optimum design once the geometrical and topological 
configurations are properly selected. The proper tool should 
be self-adapting and provide the possibility of a continuous 
negative and positive feed back between the different stages 
of the search for the optimum design and the components of 
the applied loads. Consequently, when we search for the 
optimum values of the geometrical and topological configurations 
by generating and investigating a spectrum of different 
geometric and topological possibilities, we are at the same 
time aiding the search by considering the effects of the changes 
in the geometric configuration on the applied loads. The 
coupling between the design parameters defining the basic 
geometric configuration and the value of the tension in the 
conductor will be discussed in detail in section 4,3.3,
Now realising that the adopted search technique is capable 
of amending the provided general dimensions and load schemes 
to enhance the search for the optimum design, it was decided 
to base the first feasible design on the provided general 
dimensions,
7The first feasible design is arrived at using well 
established design office practices, heuristic techniques 
and experience. It was felt that these ideas should be 
discussed within the main body of the followed optimization 
techniques, since a first feasible design which is 
unnecessarily conservative may greatly increase the length 
of the search path to the optimum solution. This fact 
will have obvious detrimental effects on the overall efficiency 
of the formulated mixed optimization technique.
The available data for the present problem of arriving 
at the first feasible design consists of (i) given forces 
applied at given points in space and specified by cartesian 
components, (ii) location of the supporting plane. The 
requirements are a pin-jointed framework, whose nodes include 
the points of application of the given forces, its points of 
support are on the supporting plane, its topological 
configuration form a stable structure and its geometric and 
topological configurations together with the. members cross - 
sectional areas will safely transmit the given forces to the 
given supports and make the volume of the material in the 
structure , a minimum.
It is clear that there is a wide range of solutions 
and it was necessary to particularise the choice. First, our 
attitude to the optimization problem narrowed the range of 
possible solutions to those frameworks having the now traditional 
general layout (a self-supporting braced tower tapering from 
a broad base to the cross arms supporting the line conductors)«■ 
Second, practical requirements limited the choice to frame­
works that possess two planes of bilateral symmetry. . Although 
the requirements overlap, they were separated into two groups 
at this preliminary stage of the work.
The first group contains the selection of the basic 
topological and geometric configurations of the tower, and the 
second contains the selection of the internal topological 
configuration of the tower together with the elements* 
cross-sectional areas.
To start with, it is necessary to discuss the nature of 
the effect of the tower outline upon bracing members and lsg- 
members„ In doing so, the bracing members in the main body 
of the tower should be considered under the two general groups
(A 1)of stressed and unstressed bracings® Ryle reported that
the weight of a stressed compression brace may be considered
2as roughly proportional to PL + CL“ where P is the design
compressive load, C a constant, and L the unsupported length®
The weight of an unstressed brace is then roughly proportional 
2to L ® Accordingly the general arrangement of tower, provided 
that the leg-member weight is not appreciably increased 
thereby, should be such that the forces in stressed braces 
and the individual and total lengths of both stressed and
unstressed braces, are made as small as possible®
The simplest lattice-cantilever self supported frame, 
that is to resist a single load at the top, is naturally of 
triangular outline with the lines of the leg members meeting
at the load point® Extending this, it can be shown that, at
any section of a tower body, if the lines of the leg-members 
meet at the centre of gravity of all the horizontal applied 
loads above that, section, the braces at that section will be 
unstressed® Owing to the need for an appreciable width of 
tower body at the upper levels for firm attachment of cross- 
arms, and to meet the requirements of torsional strength under 
broken-conductor conditions, this principle cannot always be 
fully applied® As far as possible the leg lines will be 
directed towards the load centre of gravity, although a 'waist 
line1 is always reached above which* the leg members will diverge 
away from that .ideal condition. Figure 4,2®
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FIGURE 4,2i ARRANGEMENTS OF THE MAIN BODY BRACINGi
TABLE 4 i
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Leg members 57 50 49
Stre s s ed b races 43 43 44 - 50 30
Unstressed braces 0 6 . 21
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crossing
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FIGURE 4,3 “  TYPICAL "EIFFEL" OUTLINE (EXAGGERATED)
For towers of considerable height, the above mentioned 
principle leads to the "Eiffel Tower" type of outline, in 
which the leg lines appear curved, but are made up of a 
number of straight-legged sections of slightly different 
leg slopes. On such towers the wind load on the tower it 
itself may be of the same order as the total conductor load 
or even more. On a tall tower, the position of the centre 
of gravity of all horizontal loads above each tower horizontal 
section varies considerably and is lower for -lower sections. 
This obviously favours the "Eiffel" outline, as shown in 
Figure 4.3, in which for clarity, the tower base and body 
widths have been exaggerated in size.
The previous discussions shows, that, the tower outline
has a clear effect on bracing members. Table 4,i shews
(7I-1'»the approximate percentage weights of the tower bodies ', 
illustrating that considerable care should be taken when 
selecting the tower outline. At the preliminary stage of 
the work, the aim will be to select a straight outline for 
the main legs with a point of intersection as near as possible 
to the centre of gravity of the horizontal applied loads.
To define this outline a compatible base and waist line dimen­
sions are to be selected from a wide range of possibilities.
Base and wa1st  1ine dimensions
In the case of a self supported cantilever framework, 
it is not unreasonable to expect that actual tower base 
dimensions are proportional to the. overturning moment at 
ground line. Ryle^41 ,^ derived an empirical formula giving 
approximately the economical base dimension of any tower as 
„5/M ft, where M is the overturning moment at ground level 
in thousand Lb.ft.
FIGURE 4i;» - BOUNDARIES OF THE FEASIBLE GEOMETRIC MANIFOLD FOR A
SUSPENSION TOWER
For foundations of the single mass concrete block type, the 
base width formula arrived at would give results comparable 
with actual narrow base tower designs, which are favoured 
sometimes from'the point of view of wayleave considerations. 
However, other practices exist which generally favour the 
so called wide base type of design, for which the total cost 
of tower plus foundation is presumably a minimum, in which 
case the base width formula would give results that are rather 
wide from actual tower designs. Accordingly, this formula 
will be used at this stage of the work just to aid the selection 
of the favourable compatible base and waist line dimensions 
by realising that the chosen base dimension should be fairly 
near to that obtained from the empirical formula,
A much more influential dimension is the waist line dimen­
sion. The maximum and minimum allowable waist line dimension for 
each type of tower should be specified/ Figure 4 . 4 In case 
the necessary values cannot be specified, then the preliminary 
design procedure uses default values which are likely to be 
more conservative, thus increasing the length of the search 
path to the optimum solution.
Having defined the maximum and minimum waist line 
dimensions, the preliminary design procedure continues to 
generate the boundaries of the feasible geometric manifold,
Figure 4.4,. The coordinates of the points of attachments 
of the insulator strings are calculated, together with maximum 
angle of insulator swing (Appendix C). Then, moving tangential 
to the air gap clearances boundaries, the maximum and minimum 
boundaries of the feasible geometric manifold can be defined 
as shown in Figure 4..4. The incorporation of the geometrical
limits is straight forward. Any designs which include 
points outside the limits are rejected, thus making it impossible 
to produce a solution which is wholly or partly outside the 
geometrical limits. This process is efficient because it 
rejects many designs as soon as they are encountered. However, 
there are always enough grid points within the geometric limits 
to allow a proper search.
80.
FIGURE < 5  , -  CHOICE OF BWAV AND DBASE DIMENSIONS APPROACHING 
THE IDEAL CONDITION OF TOWER OUTLINE
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The average slope of the main legs with the vertical 
Figure 4.5,r should be specified too for each type of tower, 
however, the preliminary design procedure can use rather 
conservative default values in case the necessary values 
cannot be specified®
The problem has now materialised into finding a basic 
geometrical configuration that fulfills the generated geometric 
limits and at the same time approaches the "ideal" condition 
of unstressed braces.
The average waist line dimensions is calculated as 
®5 (BWMX + BWMN), Figure 4®5.® Using the specified average 
slope of the main legs, the height of the point of intersection 
above the ground level, HACT, and base width, BSLOPSP can be 
calculated. If HACT is within the 10% margin of HCG, Figure 4.5, 
and bSLOPE is within .75 to 1.5 margin of the base dimension 
obtained using Ryle empirical formula, then the average waist­
line dimension and the BSLOPE will be accepted as feasible 
dimensions for the first feasible design. If the point of 
intersection is above the 10% margin of HCG, another average 
waist line dimension is calculated as .5 (BWMN) +.5( BWMX +BWMN) 
that is, moving closer to the minimum waist line dimension.
On the other hand if the point of intersection is below the 10% 
HCG margin, a similar step is taken but towards the maximum 
waist line dimension. If the sideways moves towards
the boundaries of the feasible geometric manifold did not 
result in a point of intersection that lay within the 10% HCG 
margin, then the specified average slope of the main legs 
would be changed. This is due to the decision taken to allow 
for one step only either side of the average waist line dimension 
because if further steps are allowed for, the first feasible 
design will be too near to the feasible geometric limits to 
allow for a proper search by the optimization technique.
The new average slope will be such that the waist line dimension 
is equal to .5 x (BWMX + BWMN) while the point of intersection 
is at the mid of the 10% margin. The base dimension is 
accordingly changed.
8 2
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The next step is to define the basic geometrical and
topological configuration within the manifold specified
by the selected waist line and base dimensions and the average
slope of the main legs. The basic topological configurations
may be divided into two main groups, the first group for the
units below the waist line, the second group for the units above
the waist line. The first group consists mainly of a sequence
of units, each unit has the basic topological configuration
shown in Figure 4+7 (a). The number of units or panels
and their basic geometrical configuration, Figure 4.6, , can be
selected at random stressing the point that almost infinitely
many different, choices are available, however, in order to
particularise the choice two important, features were taken into
consideration. The first is the aesthetic features of the
framework, which limit the choice of the angle §, Figure 4.6, ,
o oto be in the range 30 -50 „ Secondly, a. constant slope for 
the main braces throughout the units will, result in a gradual 
increase in the unsupported lengths of the elements which will 
finally result in a design with an internal topological 
configuration increasing gradually in complexity towards the 
bottom section of the tower. By implementing this idea, 
it was found that the panels would have a leg member length
ii" 1equal to K ,xf where x is the leg member length of the first
panel, K is the ratio of the. leg member length in any two
successive panels, and n is the number of the panel in the 
sequence of panels moving downwards from the waist line.
To determine the geometric configurations of the panels
below the. waist line, an incremental variation of the. angle $
was used within the limits of the aesthetic range. Generally, 
the sun of the generated lengths of the leg members of the panels
will differ from the actual one, Figure 4.6, , the difference
XDF is distributed rationally between the successive panels 
according to the pre-evaluated ratio K. The new angle ,ft 
then calculated and checked whether it is within the limits of 
the aesthetic range or not. If within the range, then the
new value of x^ together with the value of K and the number of
panels will be considered as a basis while calculating the 
values the basic geometric configurations for each panel.
\aist
FIGURE 4.5. B A S I C  TOPOLOGICAL PARAMETERS DEFINED WITHIN T E V  
FEASIBLE GEOMETRIC MANIFOLD
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FIGURE * 1 ,8 ’, "  SEQUENCE OF UNITS IN THE TOP PART OF THE TOWER
At the upper part of the tower, above the waist line, 
other units having the basic topological features shown in 
Figure 4v 7 (b,c and d) were introduced beside the unit shown 
in Figure 4+7 (a), These units were necessary to fully 
represent the topological configuration of the tower at the 
cross-arm and ground wire support levels® The previously 
mentioned aesthetic features will govern the choice of the 
slope of the main braces in the part of the tower above the 
waist line® The iterative procedure followed to determine 
the values ,K and the number of panels at the part of the 
tower below the wa1 st line is also used for the upper part. 
However, at the top part of the tower the boundaries of the 
feasible geometric manifold control the selection of the 
sequence of units, as shown in Figure 4-8, while at the bottom 
part they do not ®
Having defined the basic topological and geometric 
configurations of the first feasible design, the aim now is 
to define the cross sectional areas of the members which will 
safely transmit the given forces to the defined supports 
and make the volume of the material in the. tower a minimum„
0?he definition, according to the formulated mixed optimization 
technique, is carried out while optimizing the internal 
topological configuration of each panel, and is based on an 
approach similar in nature to that used to arrive at structures 
at least volume of material (Appendic E)® The followed 
approach will be discussed in Section 4®3®10®
The formulated procedure can handle towers either with 
similar or dissimilar cross-arm lengths. The analysis routines 
were based on the assumption that the tower has two planes of 
bilateral symmetry, which is not valid if the tower is 
allowed to have different cross-arm lengths® By using two 
embedded cross-arms each corresponding to a different length, 
Figure 4-7 (b) and (c), together with a technique to select the 
relevant loading point relative to the corner or segment of the 
tower being analysed, the two bilateral axis of symmetry could 
always be preserved, without unnecessarily increasing the twisting
moment on the tower by using cross-arms with equal lengths„
4.3*2. Estimation of the wind forces acting on the frame-work 
of the tower%
Wind loading is fundamentally different from the other
types of tower loading, its magnitude and distribution
depending on the detailed design of the tower. Generally,
an approximate method is used in the early stages of the
design, to consider the wind loading effect, and as the
design cycle proceeds, more accurate estimates can be arrived
at. To stress the point that the effect of the wind loading
should be taken into consideration, even in the early stages
of the design procedure, we will mention the figure quoted (41)“by Ryle ' of 20% for the moment due to wind forces as a 
proportion of the total moment on a 132. kV - double circuit 
tower, and a greater proportion for larger towers.
An exact answer is unlikely anyway because the effect 
of wind on structures is not completely investigated yet, 
however, a reliable estimate is looked for.
As will be shown in the following sections, every panel 
is investigated in two steps. At the first step, the basic 
topological and geometric configurations are used to define 
the detailed internal topological and geometrical configurations, 
together with the feasible cross-sectional areas of the members. 
In the second step this initial detailed design, is repeatedly 
improved to arrive at the best internal topological and 
geometrical configurations.
It was decided to include the wind loading in the first 
step to achieve a more realistic definition of the topological 
and geometrical configurations, which would undoubtedly shorten 
the search for the best internal configuration, carried out 
in the second step. An approximate method was used to estimate
the wind pressure, where it is assumed that the windward
area of the tower per unit height is independent of the
height, and the concentrated loads are replaced by a.
continuous distribution of wind loads up the tower face®{34)Sheppard " followed the same concept to evaluate the total 
shear due to wind load acting above selected levels®
This method was essential at the preliminary stage, where 
the detailed internal topological and geometrical config­
urations are not available®
A more realistic method is used in the second step, 
where the aerodynamic features of the space framework of the 
panel under consideration, is taken into account®
The previously mentioned approaches are discussed 
in detail in Appendix A®
4 o 3„3 ® Optimum choice of the tensile force in the 
material of the conductors:
The first consideration in the design of an overhead 
line, is of course, its electrical properties® The current 
carrying capacity must be sufficient for the required power 
to be transmitted without undue voltage drop or overheating 
and the insulation must be adequate to cope with the system 
voltage® The mechanical factors influencing the design 
must then be considered, the material and cross-sectional 
area of the conductor must be adequate to withstand the 
atmospheric influence, and should be sufficiently durable 
to give satisfactory service over a long period of time.
FIGURE *1, Qpictortal representation o f  t h e  basic r r  • t u b e s
o r  T H E  E F F E C T S  D U E  T O  T E E  I N C R E A S E  I N  T H E  S A G  
W I T H O U T  C H A N G I N G  T H E  D E S I G N  S P A N .
FIGURE *t, \ Q - M O D I F I E D  s e a r c h  g r i d s  o r  T H E  s t a t e  P A R A M E T E R  H P
3 0 ®
The tension in the conductors should be adjusted so 
that it is well within the breaking load of the material 
which means that an appreciable amount of sag must be 
allowed for and adequate clearance from earthed objects must 
foe obtained throughout the length of the conductor in all 
circumstances* It was shown in section 4*3*1., how the 
geometrically feasible manifold was constructed in order 
to satisfy the electrical requirements of the line* 
Furthermore, it was mentioned that the common practice of 
stressing the material of the conductor to its limit, will 
be considered only as a starting point, and the optimum 
value of the tension in the conductor will be arrived at 
during the search for the optimum design for the tower.
Fundamentally, this was achieved by coupling the value 
of the tension in the conductor with the stage design 
parameters defining the height of the stage and the feasible 
geometric manifold. Consequently, following the formulated 
mixed optimization technique, where all feasible combinations 
of the stage design parameters are considered, whenever the 
value of thedesign parameters, coupled with the value of the 
tension in the conductor and the feasible geometric manifold, 
are changed, the value of the tension is amended and so is 
the geometric manifold® The effect of the tension is not 
purely local, since the effect will be transmitted to the 
following stages through the stage reactions®
At the final stage, where the decision is made and then 
the optimum solutions are traced back, we are in fact choosing 
the optimum value of the tension as well®
The bilateral effect of the coupling on both the value 
of the tension in the conductor, and the boundaries of the 
feasible geometric manifold will be discussed separately for 
clarity® Our attitude to the problem of choosing the 
optimum value of the tension is relevant here® One can seek 
either of two distinct objectives® The more ambitious is to 
search for the global optimum value of the tension in the 
conductor *
To find this value the optimization exercise should be 
extended to take into consideration the effect, of changing 
the design span on the. distribution of the different types 
of towers along the route, and also the difficult task of 
amending the route of the transmission line according to 
the changes in the design span.
Instead, we sought a less ambitious objective, that 
of finding the optimum value of the tension in the 
material of the conductor for a pre~determined design span.
This meant that the amount of the conductor sag would foe 
constrained to be greater than or equal to the initial sag.
This constraint eliminated the possibility of investigating 
designs with cross-arms height above the ground less than 
that specified in the general dimensions Figure 4j_. < 
Accordingly, a modified search grid for the design parameter 
HP, Figure 4. .10, was used to make full use of the search 
grid points and to increase the accuracy of the search at 
the vicinity of the cross-arms, without increasing the number 
of the search grid points. The latter would have been 
necessary if we used free range grids with the elimination 
of designs violating the strict geometric constraints on the 
level of the attachment of the insulators to the cross-arms, 
Figure 4.10, The ratio of the modified incremental variations 
with respect to the panel heights, Figure 4.10, may be varied 
to suit a particular case of study.
Whenever, a higher position of the cross-arm is considered 
then the value of the tension in the material of. the 
conductor should be amended accordingly. Furthermore, a 
reduction in the value of the tension will generally result in 
an increase in the length of the cross-arm, for the case of 
anchor angle towers. The relation between the value of the 
tension in the material of the conductors, the amount of the 
conductor sag, and the distance between the point of attachment, 
of the insulator string and the tower body is described in 
Appendix C.
9The starting point for every calculation is carried 
out under the average annual conditions for the wind and 
the ice, since for this case only the factor of safety is 
specified„ Using, the equation of conductor state Equation 
0-19*, the values of the tension in the material of the 
conductor under other sets of climateological conditions 
may be obtained. The critical value of the tension is 
then selected and considered as the new design value 
corresponding to the new position of the cross-arm above the 
ground level.
At this stage, two important steps should be taken.
The first is to amend the load scheme itself in accordance 
with the newly calculated value of the tension. The second 
is to amend the boundaries of the feasible geometric manifold, 
following the increase in the level of the cross-arm, and 
the likely change in its length. To amend the load scheme, 
the type of tower and the governing codes should be taken into 
consideration. The type of tower will determine the value 
of the route turning angle a, Figure 4dl.f and the number and 
position of the conductors per circuit to be considered in 
an emergency operating conditions. The governing codes 
normally specify whether the axis of the transmission line 
tower should coincide with the bisector of the route turning 
angle, or not. The angle a, is normally required by the 
governing codes to be equal to a?, Figure 4*11. In addition, 
sometimes to allow for more freedom for the placing of the 
anchor angle towers along the route, and consequently providing 
more flexibility while choosing it, the anchor angle towers are 
designed to support different values of tension in adjacent 
spans, due to the requirement that the tower support full design 
span on one side and a reduced one on the other, Figure 4.11.
*The cubical equation c-19, is solved numerically using the 
well known Newton Rafson technique.
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To include the new values of tension in the load scheme, 
following the increase in the conductor sag, the components of 
the load scheme in both the X and Y directions Fig, 4.,11 
should be decomposed into those due to tension in the conductor 
P2-j , P22, and T and those due to wind pressure on the 
conductor. The components due to tension are then amended 
according to the new reduced value of the tension. As for 
the components due to the wind pressure, the increase in the 
level of the cross-arm above the ground level results in an 
increase in the level of the centre of gravity of the 
conductor above the ground and consequently an increase in 
the wind pressure acting. The formula used in calculating 
the loads due to wind pressure, the own weight of the conductor 
and the ice coating are discussed in detail in Appendix C .
As previously stated, the likely changes in the feasible 
geometric manifold, are discussed in detail in Appendix C.
4.3 .4 . Selection of members from a list of 
discrete section
Introduction
A common feature of most of the techniques applied in 
both the fields of linear and non-linear programming, is that 
they are designed to handle continuous, rather than discrete, 
variables.
Many variables entering into everyday design problems are 
however, restricted to assume discrete values, either evenly 
or unevenly spaced. The practice of designers faced with a 
lack of methods for handling discrete variable problems, has 
been to accept formulations in continuous variables and then 
sensibly round off the solution.
The development of the integer programming methods to
handle discrete variables started in the field of linear
(44)programming. Dantzig , pointed out that the class of
linear programming problems, called the "transportation problem"
always has integer solutions, given integar valued demand and 
supplies* In other terms, the formulation of such problems 
leads to convex constraint sets whose extreme points,, the 
vertices have integer coordinate components* If the linear
(4 5programming problem does not have this property, Dantzig et al • "
(46)and later Markowitz et a! ■ proposed a new approach to the 
problem, that is to deduce new additional constraints from the. 
original ones plus the integer requirements, until a new linear 
program is obtained which satisfies the integer requirements® 
Comory ^47 ^ f introduced his well known systematic method for the 
"pure" integer problem, i.e..where all the variables are 
required to be evenly spaced integers, By I960, Comory had 
developed a particular method for the case where all the co­
efficients of the linear programming matrix are integer valued.
(4 9)Beale proposed a method, for the solution of mixed integer
linear problems, i.e., , problems with a mixture of continuous and 
integer variables* Gomory^G ,^ then proposed a modification of 
his earlier method to include mixed variables.
All these approaches are "dual" methods in the linear
programming sense. This implies that no feasible solution to
the problem is obtained until an optimal solution is found.
Thus the development of "primal" integer methods has been of grea
interest, since such methods approach the optimum through a
sequence of feasible solutions. The algorithm of Land and Doig^
has become a classic in this field. An interesting type of
integer linear problems arises when the integer variables are
restricted to the values,o and 1 (bivalent variables), They may
occur in the context of "shall-shall not" variables, i.e.,
(5 ? \decision type problems. The 1965 algorithm of Balas remains
a classic in this field. An extension of this method to include
(53^continuous variables has been made by Lerake et al ' „
In the field of non-lineaj: integer and mixed integer 
programming, substantially less seems to have been done. For 
the case of quadratic, positive semi-definite functions with 
linear constraints Kunzi et , developed a method which
makes use of transformations into a sequence of mixed integer 
linear problems. At the same time, Witsgall suggested
an algorithm for the case of a linear objective
function with parabolic constraints in integer variables.
A method# suggested by Reiter et a l #  handles the general 
quadratic programming problem# where both the objective function 
and the constraints are quadratic. A modified gradient-type 
method, very similar to the methods used in continuous non­
linear programming field, is applied. Another interesting
approach, utilizing the concept of penalty functions, was(57)suggested by Gellafciy and Marcal
(58)Gisvold, et al ' modified the penalty function SUMT
(Sequential Unconstrained Minimization Technique), to handle
mixed integer problems in a manner similar to that suggested
(57'by Gellatly and Marcal ' .
Optimization theory and discrete sections.
A section list solution is usually obtained by optimising 
the structure on the assumption that, there is a continuous 
range of similar sections available? the final design uses 
the real section which is just safer than the member which was 
designed during the optimisation, This method results in an 
efficient solution but not the exact optimum solution. Errors 
are introduced because the theoretical approximation cannot 
represent the section list exactly. Where all the sections 
are similar, the error may only be in weight and not in design, 
and the final solution may be very close to the true optimum. 
Difficulties arise, however, when the sections are not all 
similar.
The problems caused in optimization theory by the use of
(59)discrete sections are discussed by Nemhauser , who pointed
out that the basic difficulty is the existance of local 
optima beside the true global optimum. Sheppard , discussed
the impact of the above mentioned difficulty on the multistage 
formulation of the design problem. Applying the multistage 
optimality criteria, the optimum i-stage sub-structure is found 
by adding the weight of the i-th stage to that of the relevant 
optimum (i-l) stage substructure. The effect of discrete 
variables is illustrated with the help of figures 4.13 and 4.14.
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In Figure 4. 13,Curve A is assumed to define , the weight 
of the 1 -th stage, decreasing as the value of one of the design 
parameters increases (the values of the other design parameters 
are kept constant), and curve. B denotes the weight of the 
optimum (i~1 ) stage sub-structure, increasing as the value? 
of the mentioned design parameter increases. The sum of these 
curves A + B is uni.modal , with the global minimum point denoted 
by G as shown. The situation for a structure made of
discrete sections is shown in Figure 4.24. The weight A' 
of the ±--th stage decreases in steps because each section may 
be used for a range of design loads and unsupported length below 
its limiting strength. Sim.ila.rly, the curve B ? for the.(i 
stage sub-structure is stepped. The curves A ! and B* are both 
based on the continuous curves A and B. However, the sum 
A f+B* of these two stepped-curves has little relationship to 
the curve A+B. The two stepped curves have summed to give a 
castellated curve with many minimum points (L), besides the 
global minimum point G. Fig. 4.14 .
A search process is most likely to settle on a local 
optimum instead of the global one. This tendency will increase 
with increased curvature of the weight curves and with the 
number of state parameters.
If the continuous curve A+B was used to obtain the approx­
imate position for the global optimum, this position is likely 
to be more realistic.
The method used in the present work was to find sections 
that fulfill the design requirements for each member using 
an idealised continuous section, instead of the real list, 
thus making the selection of the real sections much easier, 
but unfortunately doing nothing to solve the problem of local 
optima. However, it was considered better to compromise with 
an easily obtained solution which is not quite optimal rather 
than attempting to find the elusive global optimum solution.
The idealised section used in this work is a continuous 
range of equal angles with a constant ratio of flange width 
to flange thickness. The properties of the idealised section 
must be chosen to give a close approximation to the actual
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properties of the members in the section list. The list of 
sections that were used in the. cases of study, are presented in 
Table 4.ii.
Figure 4*16 is a plot of the proportional difference 
between the areas of successive equal angle sections in the 
real list. It is seen that the twenty one sections in the 
list are quite evenly spaced® An idealised equal angle section 
can be created which is the mean of these intervals.
For an equal angle section., a good guide to the efficiency
m  comp.ressa.on is given by H, where Area - H x r" . * Figurem m  J
4.16 is a histogram of the H values for the sections used in. the. 
case of studies. The values of H range between 2.96 and 5.53, 
independently of the section area. The idealised section 
uses one value of H throughout, and this should be a weighted 
mean of the actual values of H. Real sections with small Ii 
values will be used more often than those with large H values 
because they are more efficient and therefore cheaper. From 
experience, it is indicated that a value of 4.0 for H is a 
good estimate®
Each member must be designed to satisfy several requirements 
It must be capable of supporting the design load over the 
design length, taking into consideration the given restraint 
conditions. The member must also have more, than a certain 
minimum cross-sectional area, and must not exceed a certain 
maximum slenderness ratio. The slenderness ratio is a function 
of the design length, and the form of the. secondary bracing 
attached to it. Types of secondary bracings and their restraining 
action on the primary bracings and main legs, will be discussed 
in sub-section 4.3,10., The formula used to calculate the 
allowable compressive force in the members is represented in 
sub-section 4.3.5.
FIGURE 4 , 2 5  -  SECTION LIST INTERVAL (EQUAL ANCLES)
SIZE Weight 2Area cm Radius of gyration
kg/m' :nu cm . . . r.x cm
45x45x5 O f'i *7ft « ft / 4.29 .88 1.37
50x50x5 3. 77 4.80 .98 1.53
56x56x5 4.25 5.41 1 . 1 0 1.72
63x63x5 4.81 7.28 1.24 1.93
70x70x6 6.39 8.15 1,38 2.15
75x75x6 6.89 8.78 1.48 2.30
80x80x6 7.36 9. 38 1.58 2.47
90x90x6 8.33 10.60 1.79 2.78
90x90x7 9.64 1 2 , 30 1.78 2.77
100x100x7 f—1 o CO O 13.80 1.98 3.08
110x110x7 11.90 15.20 2.19 3.40
110x110x8 13.50 O03r- •—s 2.18 3.39
125x125x8 15, 50 19.70 2.49 3.87
140x140x9 19.40 24.70 2.79 4,34
160x160x10 24. 70 31.40 3.19 4.96
180x180x11 30.50 38. 80 3.59 5.60
200x2.00x12 37.00 47.10 3.99 6.22
220x220x14 47.70 60. 40 4.38 6. 83
250x250x16 61.50 78.40 4.98 7.76
250x250x20 76.10 97.00 4.94 7.71
250x250x25 9 4.00 119.00 4.91 7.65
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HISTOGRAM OF U
The design of compression members has been the 
subject of considerable study over a long period but there 
is still universally adopted design formula. Some of the 
numerous formulae that were being used by the designers are 
given in Appendix D,
The number and variety clearly brings out the need for 
a standard formula that should be part of the code of practice.
A report by the task committee on steel transmission
poles 8^89 indicated that for axially-loaded compression
members of uniform cross-section, the allowable compression,
F t should be taken equal to - a
Fa = Fy
- _ h 2e .. ;
K.L
_ r _
cf
K.L C 
r c
0 < 4.1
4.2
in which K.L/r - the largest slenderness ratio of any 
unbraced segment; r = the corresponding radius of gyration; 
and
C = tt c 1 Fy 4.3
where
K - the effective length factor.
L - the unbraced length, in inches,
r ~ the governing radius of gyration, in inches.
Cc - the column slenderness ratio dividing elastic 
and inelastic buckling.
1The strength of steel columns in the inelastic range 
is affected by residual stresses due to hot-rolling of shapes 
and to welding of built up cross sections. Residual stresses 
may be detrimental or beneficial, depending on their 
distribution over the cross section and on the shape of the 
cross section. Inelastic buckling of cold formed shapes 
is affected by increases in yield and tensile strengths at 
the corners caused by cold working. These effects are bene­
ficial and may be considerable 6^^Equation 4.1 tends to 
average the considerable scatter of shape-dependent and 
fabrication-dependent test, results (62 , 6o, 64,65 ,66 r 6 7) .
It is used in both American Iron and Steel Institute (AIS1) 
Specifications^6^and the American Institute of Steel 
Construction (AISC) Specifications^9 ,^ but the buckling 
stress is divided by a factor of safety because these 
specifications are written for design based on service loads 
rather than overloads, as in the design of transmission 
structures.
Equation 4.1 will be used to calculate member strength 
in compression, throughout this work.
4.3.6 A11.ernative Loa.ding Systems
Generally speaking, all towers of transmission lines are 
designed according to load schemes representing the three 
conditions of operation considered by the regulations.
Namely, normal, emergency and erection operating conditions.
A brief discussion of the basic nature of the operating 
conditions is relevant, since their nature is directly related 
to the generalised load scheme. By the generalised load 
scheme, we mean the scheme that contains all the required 
combinations of the components of the loads. Every load 
combination may cause a critical value of forces in one or 
more members of the tower.
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where:
T -  value of the tension in the o broken conductor.
T ~ value of the tension in the 
broken earth wire.
FIGURE 4 5 0  -  SCHEME o f  l o a d  f o r s u s p e n s i o n t o w e r un d e r
EMERGENCY OPERATING CONDITION.
Accordingly, the member forces can be found for each 
generalised loading system, and from them the critical member 
forces s The required design for each stage will have members 
which can just support the critical loads which can occur in 
them o
Sus£ension Towers
According to normal operating conditions suspension 
towers are designed for the following cases?
- Conductors and earth wires are not broken;
(a) wind of maximum velocity perpendiculr to the 
transmission line axis Figure 4.18.
(b) wind of maximum velocity acting at an angle of 45°
to the transmission line axis, Figure.4.19. This case of 
loading is generated from case (a) f where the components
QCL QCT °GWL an<9 QGWTf Fi9'ure 4-19 are equated to .8 
of the relevant component in case (a) . The factor . 8 
is customarily used instead of the exact .707=,
- Foj: towers installed at locations wbe):e icing is a 
hazard, standards and regulations require that the 
towers should be checked for the case where conductors 
and earth wires are covered with ice. The effect of 
ice. sheath on the horizontal components of forces due 
to wind pressure and the ve3:tical components of weight 
of the conductors and earth wires, is discussed in 
Appendix C„
According to emergency operating condition suspension 
towers are designed for the following case:
where:
At ~ 2’ , -2’c cl c?
A T ■■= T TGW GW1 -  GW2
T , /T , -  The value of tension r. cl GW1 .. . .the conductor ana cart.
wire in the first span.
T T ;o~ Ahe v a l u e  o iT tension ir 
the conductor and eax. 
wire in the second re
FIGURE H.2L -  SCHEME OF LOAD FOR ANCHOR TOWER UNDER NORMAL OPERATING 
CONDITION AND SUBJECTED TO DIFFERENT TENSION IN THE 
ADJACENT SPANS.
GW
where:
G ~  W e i g i i t  o f  t h e  a n c h o r  
s t r i n g  o f  i n s u l a t o r s .
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jUKL 4 2 3  "L0AD SCHEMES GENERATED FROM THE BASIC EMERGENCY OPE 
CONDITIONS, TWO WIRES ARE BROKEN IN ONE SPAN.
RATING
A wire of one phase (or two wires of one circuit in 
case of conservative specifications) is broken, Figure 4-20.
A number of load schemes are generated, from the basic 
emergency operating scheme, as shown in Figure 4. 20. The 
dashed lines show the different positions of the broken 
conductor. A load scheme will be generated for every 
possible position of the broken conductor. In the case of 
two wires of one circuit are broken, other possible combin­
ations will be represented while discussing the emergency 
operating conditions of the anchor and anchor angle towers.
An olio r Towers
Under normal operating conditions, anchor towers are 
designed according to cases of loading similar to those of 
suspension towers. However, tensioning of wires in the 
in the adjacent spans can be different, in which case 
additional one sided components of force are acting on the 
anchor tower, Figure 4-21. Situations which favour different 
values of tension were discussed in section 4.3.3.
As in the case of suspension towers, a Cci.se of loading 
for winds acting at an angle of 45° to the transmission line 
axis, will be generated from the basic normal operating 
condition.
According to emergency operating conditions, anchor 
towers are designed for the following cases
A number of wires of one span are broken transferring 
the maximum bending or twisting moment to the tower.
Two wires in the two adjacent spans are broken 
transferring the maximum twisting moment to a cross-arm 
panel Figure 4.22.
The number of load schemes generated from the basic 
emergency operating condition for anchor towers depends on the 
number of broken conductors.
The load schemes generated for the case of two broken
wires are represented in Figure 4*23*
In the case of anchor towers subjected to additional 
one-sided components of forces Figure 4.21 • these additional 
components must, be superimposed on every load scheme generated.
Terminal Towers
Anchor towers erected at the terminals of the line, 
are subjected to almost purely one sided tensioning of all 
conductors and earth wire under normal operating conditions.
An additional load scheme will be generated for the case of 
winds acting at an angle of 45° to the transmission line axis*
When designing terminal towers unde:: emergency operating 
conditions, although the same number of conductors to be 
considered broken will be equal to that of both anchor and
anchor “-angle towers, the number and. nature of the load schemes
generated will differ Figure 4*24,
Having discussed the basic normal and emergency operating 
conditions and the generation of load schemes from them, it is 
appropriate to refer to the erection operating conditions.
They are introduced to check certain elements or group 
of elements of the tower against specific values of loads 
generally applied to the towers while stringing the conductors 
and earth wires.
FIGURE 4124 - load schemes generated from the basic emergency
  OPERATING CONDITION.
nn 
par
.el
 
nu
mb
er
1 1 2 .
Generally speaking the erection operating conditions 
are local ones. By local, it is meant that they depend on 
local factors such as the technique of stringing, the 
equipment used and even on the skill of the operators < 
Furthermore, their introduction in the basic set of load 
schemes is mainly the decision of the local authorities.
According to the formulation of the optimization problem 
as a multistage one, the forces in the elements of every 
stage will be obtained by applying the sets of compatible 
reactions and external loads to the panels, at each relevant 
load point. The analysis procedure is discussed in detail 
in Chapter 3. However, at this stage it is necessary to 
realise that every stage is investigated for the entire 
spectrum of external loads. This will result in a similar 
number of sets of reactions. Proceeding to the following 
panel, these sets of reactions will be used as external 
loads together with the sets of external loads acting at 
that panel. Figure 4-25.
4.3.7 Limitations on the freedom to change t h e cross-
sectlonal areas of the main l e g a n d  the,ir__prefi 1 ey
As previously mentioned, the design procedure described 
in section 4.2, did not consider several important practical 
features of a tower. It is considered necessary to consider 
the limitations imposed by the bends and splices on the 
de si gn p ro c edure.
Splicess
The leg piece used in a panel may be continued from one 
or more previous panel. A heavier section will be needed if 
the leg piece is continued through several panels, but there 
will be no splices to pay for. When optimizing a panel.
the optimum lag section must be found? this requires a 
knowledge of the best position for the previous splice. 
Accordingly to obtain the optimum sub-structure at any 
stage would require a consideration of every possible 
position for the previous splice, imposing a fairly heavy 
penalty in computation effort®
Existing design experience suggests an average of one 
splice every three panels* However, the minimum number 
of splices is a direct function of the height of the tower 
and the available lengths of rolled sections. The available 
lengths are controlled mainly by the technology used in the 
galvanizing plant and other technical factors such as, 
transporting the material to the site and techniques of 
handling the rolled sections during erection. On the other 
hand, existing design experience shows that the lower part 
of a tower should contain about three splices. Of these, 
one or two are included to simplify construction, and their 
positions are determined according to practical considerations 
Thus only, one or two splice positions are left free to be 
optimised. For practical design reasons. the situation of 
a splice as near as possible to the connecting points of 
panels is desirable. It is unlikely that this small amount 
of design freedom justifies the complication of including 
splice positions as a design variable. Instead, the limited 
number of almost free splice positions* will be determined by 
the design procedure in a rather systematic way.
It should be noted that the cost of making the splices 
themselves is ignored because it is assumed to be constant 
in all the cases and therefore without effect on the optimum 
solution.
1]
FIGURE 4.27 - A restricted RANGE OF SEARCH IN A FIVE
POINTS SEARCH GRIDS.
B e n d s s
Bends are specially important, since it. is widely 
known that the leg profile is one of the important determinant. 
of the volume of the material of a tower. A completely 
general optimisation procedure should allow for any number 
of bends. However, bends in the main leg elements, must 
be carefully taken into consideration, since cold working 
generally decreases the ductility of the material. Further­
more, bend criteria might be undesired if the cold working 
facilities in the firms in the locality of the transmission 
line are not adequate. Where cold working is impracticable 
hot working is usually used, leading to a reduction in the 
plasticity and ductility and an increase in the brittleness 
of the material.
A restricted range of search is shown Figure 4.27.
It is clear that the restricted range of search although 
necessary in the case of restricted number of bends, it is 
curbing the efficiency of the optimization procedure. The 
situation can be readily seen as introducing a constraint 
plane in the feasible region, hence restricting the search 
in a certain part of the feasible region while there is a 
possibility that by doing so, we eliminated the best local 
optimum solution.
4.3.8 Selective choice of free and dependent design
parameters (defining the bias:lc gcometric diraensigns/c 
according to the type of tower under considerations
The freedom of search in three dimensions is generally 
expected to result in a tower with different basic geometric 
configurations in both the longitudinal and transverse 
directions. In the case of anchor angle and terminal tow a s ,
.11.6 *
the practice is to design them to be equally durable in both 
directions, to facilitate their placing along the route, and 
to use them for a range of route turning angles* For example
a tower equally durable in both directions can be used for the
range of 60° to 90° terminal tower* In this case the design
parameters representing a panel dimensions in the transverse 
and longitudinal directions should be coupled and so is the 
section properties of similar members in both directions.
A similar situation may arise in the case of suspension 
towers, where from design experience the requirements might 
be that the dimensions in the longitudinal directions are 
equal to a certain ratio of those in the transverse direction, 
This phenomenon is realised in the case of suspension towers 
supporting lines of voltages up to 60 K.Vc For higher
voltages it is the practice to design the suspension towers 
with square basis thus coupling the relevant design parameter: r
although they need not be equally strong in both directions? 
accordingly the similar members in both directions may have 
different.section properties.
4.3.9 Arbitrary limitations on geometrical freedom:
These, limitations imposed on the geometrical freedom, 
were necessary to direct the optimization process, and to 
make the best use of the investigated geometrical combinations 
In any grid search technique, two paramete.rs must be determined 
prior to the search. These are the increment of change 
and the number of points of search. To shorten the search 
path these two parameters were related to the first feasible 
design. Hence, the search for the optimum solution will be 
carried out in the vicinity of the first feasible design.
. 1 1 7
FIGURE 4,23 ~ FREE RANGES of search related -to the
FIRST FEASIBLE SOLUTION.
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Hence, the search for the optimum solution will be carried out 
in the vicinity of the first feasible design.
These two parameters are actually determined by specifying 
the number of grid points and the range of search relative to 
the first feasible design. For example the range of search 
can be selected to cover the range from .75 x FF1) to 1«25 x 
FFD, Figure 4<28, where FFD are the basic geometric dimensions 
of the first feasible design. Having defined the range, of 
search and the number of grid points, the optimization 
procedure arranges the grid points taking into consideration 
the effect of bends on free and restricted ranges of search
The range of search in the vertical direction can be
selected to cover the range from ,75 I-IP. to ,25 HP. - wherei 3HP. and HP. are the heights of the panel under consideration i j
and the panel attached to it respectively, To guard against 
the investigation of unrealistic though feasible geometric 
combinations, the procedure checks the profile of the leg 
members in every case of geometric combination and prohibits 
the investigation of unrealistic cases in which the leg members 
are found to be sloping inwards. Such cases are arbitrarily 
assigned a very large weight ensuring the elimination of the 
particular combination by the system master planner while 
tracing back the optimum solution.
4,3,10 Other Panel 'Shapes besides the X-Paneli 
Intro du ct.ion
There care several panel topologies in common use in 
trusses Figure. 4.31. These panel topologies are based on 
the types of trusses shown in Figure 4,29, Other internal 
topological configurations can be further obtained if secondary 
bracings can be used only in the case of X-panel and K-panel 
type primary bracing.
1 j
FIGURE 4,29 “ TRUSS TYFES 
\
I SURE 4 /0  arrangements op the main bracings
IN A WARREN TRUSS TOPOLOGY
X panel
K panel
SURE 4 1 1 1  2TPES OF MAIN BRACING.
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1The pattern shown in Figure 4.30 will not be used in 
this workf it is mainly used for towers suppfrfcting lines 
transmitting low, voltages. Generally speaking, as far as te 
the efficiency of the tower is concerned, the gain achieved 
by implementing such a pattern is limited, especially when 
there is a continuous range of available sections. On the 
other hand, secondary bracing can not be used in such a case, 
which makes such a pattern hopelessly inefficient in the 
case of towers supporting high voltages.
The three basic panel topologies used in this work can 
be generated, more or less, from the general X-panel. Prior
to discussing the topological configuration of the panel, 
it is appropriate to state that the K-panel is usually 
specified for the lowest part of the tower, because it can 
accommodate foundation movements, Figure 4.31. However, for 
the same reason, i.e. being locally statically determinate, 
the K-panel might be disadvantageous, if the lower panel is 
required to provide the required spatial stiffness for the 
isolated foundations while casting the concrete.
Accordingly, either type of main bracing can be used 
in the lower .-panel, and the decision should be taken prior 
to every optimization exercise. The 0 -panel is considered
a special case of the X-panel, The optimization procedure
can select the S-panel only through careful investigation of 
the internal topological configuration of the X-panel.
Secondary braeing
The choice of the optimum secondary bracing is usually
improperly handled due to the lack of a reliable and general
method suitable for investigating the possible internal
configurations. If a search method is used to arrive at
the optimum solution, the common approach so far is to select
the most suitable pattern among a certain number of
(3^ )predetermined fixed patterns . On the other hand, the 
choice is mainly governed by existing design experience, if 
a manual or even automated design method is used.
It is felt that this is not the right approach tc 
the problem, since it does not conform favourably with the 
freedom of choice of the basic geometrical and topological 
c on f i g ur a t i on s.
The concept of ground structures ^ a n d  the theorems
(d ’?)of structural variations and their suitafoi!) ity to
investigate the topological design of pin-jointed structures 
provided a better approach to the problem.
After careful investigation of the concept of ground ' 
structure, it was found to be too genera! to be used 
efficiently at this level of optimization* A more realist! 
and directed approach based on the same concept was favoured
Similarly, the ideas behind the theorems of structural 
variations were generalised to be able to investigate the 
effect of removing groups of members on the distribution of 
forces and deflections throughout the remaining structure 
components, in the least cumbersome way, The theorems of 
structural variations will be discussed in detail in Chapter
Ground Structures
Perhaps the work that deserves to be mentioned first
(73 \is that due to Dorn, Gomory and Greenberg " ! ( who approached 
the topological design of structures by first arranging a 
network of nodes to cover the design space* This included 
the loading points and the likely positions of the supportsv 
From the nodes the ground structure was produced by joining 
every node to every other node, Figure 4*34* An optimum 
design was obtained for the ground structure bv linear 
programming, a new topology was extracted by removing the 
unloaded members and joints. However, this approach was 
limited to structures with a single load vector and on1v the
4- PARTED SECONDARY BRACING
plan bracing
FIGURE <<! - K -PANEL WITH SECONDARY BRACING
FIGURE 432 - EXPLODED VIEW FOR A Z PANEL WITH PLAN BRACING.
upper p -ncl plan
3  -  P a r t e d  S e c o n d a r y  B r a c i n g .
h i p  b r a c i n g  p l a n  b r a c i n g
x  -  P a n e l  w i t h  s e c o n d a r y  b r a c i n g
FIGURE 4 ,33” x ~ pakel bracing
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FIGURE 4.37 -TOPOLOGICAL features of a panel with a lower
PART DIVIDED INTO EIGHT DIVISIONS.
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stress requirements were considered. Dobbs and Felton , 
extended this approach to deal with multiple loading cases, 
while the initial configurations was modified through the 
use of the steepest descent-alternate mode non-linear
(7 3)programming algorithm, similar to that first used by Schm.it ' '  „
This approach, of obtaining a final shape by repeated 
alterations of an initial ground structure has proved to be 
successful. However, it tended to be time consuming, and 
did not utilize any design principle to forecast the manner 
in which members should be removed.
On the whole, since these early mentioned works, there 
has been relatively little work done on the problem of 
optimal shape. However, in 1971, Friedland^74 ^ , developed 
a rather extensive theory for a simple model of statically 
determinate trusses and was able to prove many interesting 
theorems, concerning geometric configurations. Other recent 
efforts ^  ~ e 7(3 ^ have tended to more complex models and conse­
quently have been numerical in nature, Spillers^7<  extended 
the work of Friedland to the case of statically indeterminate 
trusses, Lagrange multipliers and the Kuhn-Tucker conditions 
were used to replace the optimization problem by a system of 
non-linear equations.
However, this classical formulation has serious practical 
limitations, since it increases the number of unknowns, this 
is due to the fact that, all possible combinations of constraints 
are considered to be critical in turn. The system of non­
linear equations is then used to calculate the value of the 
Lagrange multipliers in each case. These values can be 
examined to determine whether or not the Kuhn-Tucker necessary 
conditions is satisfied. However, the classical formulation 
can be useful particularly when some foreknowledge is 
available as to how many and which of the constraints are 
critical,
( 7 2  i
Pedersen , extended his previous work on plane
trusses to space trusses and used a sequence of linear 
programs method, as an optimization technique. Joint positic-o 
were included in the optimization exercise, as well as d.lsplac ~ 
merit and local buckling constraints.
,  .  (42)Ma^id f yn his work also started the search with a grown 
structure, but extended the approach of Dobbs and Felton 
further to include both stress and deflection constraints.
The concept of the benefit vector was utilised to calculate 
in advance, the material saving achieved by altering the 
topology of the structure. During the construction of this 
vector both stress and deflection constraints were considered. 
Both cases will be discussed in detail later.
In this work, the investigation of the internal topologi ■- u 
and geometrical configurations of a stage is carried out in tr ? 
second level of the multi-stage process and is thus controller 
by the sub-system master planner. This means that it is 
carried out within the basic geometrical configurations whici 
are controlled by the system master planner. The first stsr 
is to choose the pattern of nodes within the basic geometric* 
configuration. This is directly related to the number of the 
stage divisions. This number is determined according to der- . g:. 
requirements of the stage. If the members of the main legs 
were extended from the previous panel or panels, then, the 
number of feasible divisions is that which makes the use of t' e
{ 7 p \
member safe under the design conditions of this panel. If the 
choice of the sections of the main legs is free, then the
number of the feasible division is only a function of the panel
design conditions
After the determination of the number of feasible 
divisions, the pattern of the nodes is then looked for.
The pattern of nodal positions in the facial planes of the 
panels and in the plan bracings are shown in Figure 4.37,
This pattern results in a grid of joints that is distributed 
logically and homogeneously over the search domain* The manner 
of connecting these joints was according to the pattern shown in 
Figure 4.36. The decision to use this pattern was based on 
the nature of the secondary bracing members. Realising that 
they serve mainly as a restraint to the main members, the 
forces in them are the restraining loads which are applied to
the primary members to prevent them from buckling. The value
of the restraining load is usually stated as a percentage of the 
load in the restraint member, often about 2%. In fact the 
loading condition of these members is such that a small size 
rolled section can be used safely, on the condition that the 
slenderness ratio of the member does not exceed the nominal 
maximum value of about 200. It was clear that this favourable 
situation can only be achieved by controlling the buckling lengt 
This favoured the choice of the pattern shown in Figure 4.36.
Before discussing the policy of changing the topology, a 
reference is made to the automated numbering system that was 
incorporated in the program, it generates the nodal numbers of 
both the basic and internal topological configurations.
The numbering of the joints in the plan bracings and the facial 
planes is generated such that the maximum difference of the 
numbers of the connected joints be as small as possible. This 
a further step to increase the computational efficiency of the 
optimization process, by increasing the efficiency of the stress 
an a ly s i s r o u t in e s.
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The object of changing the internal topological configuration 
is to find the one that best .suits the basic geometric and 
topological configurations of the panel under consideration.
The basic idea is to investigate a number of candidate 
sequences of topologies, starting with the initial ground 
structure and ending with the simplest pattern of all,
Figure 4,41° This was achieved by removing groups of members 
in sequence from the ground structure. The removal of groups 
of members demanded careful study of the geometric and topo­
logical make up'of the remaining members to assure the stability 
of each of the structures formed by the smaller truss elements..
It was necessary too, to decide how many sequential steps were 
needed. It was decided to use four steps throughout this 
work, Figures (4. 38, 4.-3 9, 4 40 , 4 41 , 4,42). However, in the 
case of x-type primary bracing and where a continuous reduction 
in the weight of the panel is realised, removing a group of 
members after another, a fifth step is considered to investigate 
the weight of the panel with a B type primary bracing. The 
sub-system master planner does not allow the consideration of 
this step, if the panel under consideration is the lower panel 
in the tower.
P o 1 1 c y  _ q f  c h a n g j  n g  t h e  t o p o l o g y
For a structure of changing topology, it is possible by 
the theorems of structural variation, to forecast the forces and 
deflections throughout, when one or more of its members are varied 
or totally r e m o v e d T h i s  fact was utilized to calculate 
in advance the material saving achieved by altering the topology 
of the structure. This is done by first predicting the weight
of the new feasible structure, with the chosen group of members 
being removed.
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The dominating stress constraints  'ft
A simple ground structure is shown in Figure 4.43, subject 
to a set of external forces L, that caused the general joint 
j to deflect by x_. , and produced the forces IGh and P„, in the two 
members i and j.
( 4 2 )
If member .i is removed from the structure, as shown in
Figure 4,43, the force in member j changes to become P...J-T-If more than one member were removed, their grouped effect, 
on the force in member j will be taken in consideration, their 
effect will be discussed in detail in Chapter 5.
The stress in j is then given by
a . -  P . . /a . . . .  4 c. 4
3 3*- 3
The allowable stress in this member is a * . and for fully
3stressed conditions its area may be changed by <5 . so thata "j
a * j = P .. / (a . + <5 a .) ... 4.53 1 j 3
(A 2)This approach was followed by Majid in his study of
topological design of structures? however, in the present work 
realising that the design of the secondary bracings will largely 
be governed by constraints on the members’ slenderness ratios, 
it was felt that a constraint should be added to limit the 
amount of change in the members cross sectional areas.
As mentioned before, for equal angle section, the relation
A = H x rm2 is a good guide to the efficiency of the section
in compression and this relation will be used to calculate
the minimum cross sectional area A . corresponding to thenun *
minimum allowable value for the radius of gyration r . Them
value of r will be chosen so as to keep the slenderness ratio m *of the member less than its limiting value.
(a) (b)
FIGURE 4 A3 “ A SIMPLE GROUND STRUCTURE /
(a) Basic structure and loading*
(A) Force.? and deflections after removing member i
After calculating the change in the member cross sectional
area 6a ^ f its value should foe greater than or equal to
(A - A.), if the change reduced the cross sectional area of xuxn ji
the member *
Equations 4,35 and 4,36 give
5a. = (a . cr. / a * .) - a . , 5a . £ A . -A . 4*6*
3 3 3 3 3 3 man 3
where 0*. is the permissible stress.
3
Equation 4,6 represents the change in the cross sectional 
area of member j , while considering the limitations imposed 
on the cross sectional area by the slenderness ratio condition..
When all the changes in the remaining members are cons idem 
the new volume of the structure due to the removal of member 1 
is calculated.
/ j g \The dominatingydef 1 action constraints '
When deflection constraints dominate,the deflection
i.. at node J after the removal of member i,U
f .r - x_ + ra. x.. 4.7J J r :i r
where is the deflection at joint J due to the external loads, 
x .. is the deflection at joint J due to a pair of unit loads 
applied at the ends of member i, and roc. is the "variation 
factor" of member i. The basis of this approach will be discus 
in detail id Chapter 5.
On the other hand, for an overall proportional increase 
of the members bv a constant factor a the deflection at node J i
x* = x . / (1 + a) J 3 4.8
After such an overall increase of the members, the deflection 
at J due to a unit load at the ends of member 1, is related to 
x .. by the equation~j :t a
x* . . ~ x../(l+a) ... 4.931 jx
Consider now the case where the overall increase of these 
members is followed by the removal of member 1 ,
~ x* + ra. x*. . ... 4.10J J ± 3  x
Member i can be removed only if the all round increase in the 
area of the members is sufficient to prevent from exceeding 
the allowable deflection Aj at J, This condition is achieved 
by substituting a t for x *t equation 4X0, This togetherU u
with equation 4. 9. and 4.-8 gives the unknown factor as
x_ , x ..At ~ J *froM XLi
1+a ' 1 +a
a = (Xj/ Aj + ra. x^±/ Aj) -1 ... 4.11
which, by using equation 4.38 becomes
aj±” ^  ... 4.12
The suffices J and i indicate that the overall factor 
a is calculated for the condition in which member x is being 
removed and the deflection at J is becoming critical. A 
similar expression can be obtained for each deflection constraint 
and each member. Let the largest a. among these be a*.
This gives the value by which all the areas of the resulting 
structure should be increased without violating any of the 
deflection constraints, whichever member is removed. At this 
stage it is possible to predict the new volume of the resulting 
structure.
The cases of dominating sti~ess and deflection constraints, 
were presented for the case of removal of one member only, 
however, as previously mentioned the case of removal of a group 
of members simultaneously will be discussed in detail in 
Chapter 5.
The presented equations to calculate the new structure
volume under both the stress dominating and deflection
dominating constraints will remain the same in the case of
removing a group of members. The difference between
the case of removal of one member and that of removal of
more than one member, is in the approach to calculate the
forces and deflections in the remaining members and joints,
P . . and ip , where 1 in the later case represents croup i 
31 j 1of members.
Having calculated the change in the volume due to the 
removal of member i or the groups of members ± under both 
the stress and deflection constraints# the two values are 
compared and the larger is selected.
Ryle "j reported in his investigation of the economics 
of the steel towers, that in the case of tall towers, the 
total design load in the bottom section of the leg member, 
and consequently the cross-section and the weight of the member 
are markedly affected ' the dead weight of the tower itself, 
although the effect is .ually small in an ordinary trans­
mission line tower sup sorting lines carrying low voltages.
In his investigation, he tabulated estimates of the prop­
ortion of the total load in the bottom leg section, due to 
dead weight of the tower itself, Table 4*vii.
The estimates reported, although quite conservative 
by current standards, nevertheless stress the fact that 
the dead weight should be taken into consideration in the 
design procedure.
Most of the published work in the field of the 
optimum structural design, neglect such an influential factor, 
either rightly if the nature of the investigated problem 
permits such neglect or wrongly by concentrating mainly on
(d9)the applied optimisation technique. Majid reported 
that he included the dead weight of the structures he 
investigated with the various factors that influence the 
shape of the final structure. Sheppard , as well, 
included the dead weight in his investigation of the optimum 
design of transmission line towers using a dynamic programming 
technique„ According to his formulation of the
optimization problem, it was necessary that the optimization 
algorithm investigate the problem stages moving upwards.
(A 3
TABLE yi11
■ ! Load in bottom leg, duel
Tower Type to tower dead weight,as < | a percentage of total [ 
! load in leg
! 33*KoVof large angle tower
r ~ ..T _
| 3 3 . K „ V . f straight 1 j. n e to we r i
132.K.V. large angle tower !i
13 2.K * V ® s traight 1ine tower i 10 ii
“Average" river-crossing tower
i
| .15 - 30
' Thames crossing tower. | d0 |
!......... ... j
14
This necessarily meant that the dead weight of the 
following stages must be estimated rather than calculated 
using Ryle's, equation 7 . Then, after the optimization 
process has found the shape of the tower, the actual dead 
weight acting on each panel could be found and used to determine 
the member loads exactly.
In the previous sections, it was shown that in this 
work the optimization algorithm will proceed down the tower 
body. This means that when an intermediate panel is being 
investigated, the dead weight of the previous panels can be 
realistically calculated. The effect of the dead weight 
of the previous panels will be transmitted to the following 
panel through the components of reactive forces. It was 
previously mentioned that every stage will be stress analysed 
twice. In the first analysis a nominal relative cross- 
sectional area of the main legs and the main braces is used 
to obtain the maximum compressive forces in the main elements, 
these forces will be used to select the feasible cross ■- 
sectional area of the main members cind the internal topological 
configuration of the secondary braces and plan braces. At this 
stage, the dead weight can be calculated and is considered in 
the second analysis, and then incorporated in the optimization 
process.
Tho theorems of structura 1_ Vciriations 
5„1 _ IntroductIon
As we recall from our discussion in section 4 „ 3 d C f 
that to arrive at the optimum internal topological 
configuration, groups of members should be removed sequent­
ially from the ground structure. It was shown how those 
groups were selected to ensure the stability of the panel 
formed by the remaining truss elements, and that the change 
in the topology is meaningful and homogeneous.
It was mentioned as well that the search for the 
optimum internal topological configuration is carried out 
in the second level of the multistage system, and that ir­
is controlled by the sub system master planner. This 
means that this search will be carried out for every possible 
combination of the incrementally changed stage design parameters. 
Furthermore, as mentioned in Chapter 3, the transmission 
tower is considered throughout this work as a three-dimensional 
pin jointed space structure. Both facts meant that the 
repeated use of the matrix force or displacement method to 
find the manner of change of the forces and deflections 
throughout the. panel, following the removal of every group of 
members, is cumbersome and time consuming, since a large 
number of simultaneous equations need to be constructed and 
solved after the removal of every group of members.
It was therefore necessary to derive explicit relation­
ships that, could be utilised for the above purposes, thus 
avoiding altogether the repeated analyses of a pane]., the 
topology of which is constantly changing.
C h a p t e r  5
s  a b  j  e c  i: too t i n : a  e m  i  a  1  &r  c
Cjc trici 1 10 a da
e n c
. li
Fit ’-'lr f>
Area of m em ber i is reduced Area of tacr.U'cr is is r e d u c e d
to vA. The force in the removed to gA. The fora in the removed i., v :
area being replaced by ext.lead at being replaced by e x t .  J o e d  at th e  c:\
the ends of member i. of member i.
area of trader i  is reduced
__
15,, 2 The theorems of structural variations ' :
(79 80)It has been shown f * that, for a structure of 
changing shape, it is possible to predict the forces and 
deflections throughout, when one or more of its members are 
varied or totally removed. Majid , represented the
theorems of structural variations and then used them to 
carry out an investigation into the various factors that 
influence the shape of a number of structures.
In the following sections the theorems will 
established with reference to linear elastic pin jointed 
structures where one member is being varied or totally removed. 
Then, the approach will be extended to include the 
simultaneous variation of N members.
( 7  Q )
5*3 Variation of forces anddisplacements 
with those of member areas:
Consider now a general pin jointed hyperstatic 
structure such as that shown in Figure 5.1(a). The structure 
is subject to a general set of external loads and a prescribed 
set of constraints. There are N members in the structure
and the resulting forces in these are,
p = {p1 p2 .... pk}
Suppose that the area of member i, A_. , is to be.
reduced to an area aA., while the area of every other memberr
remaining unchanged. Member i, can foe split into two new 
members of areas ccft, and (1-a) A^. The corresponding forces 
would foe aP^ and (l~a) respectively. This is possible 
provided that.
P, = aP. + (1 - a) P.i x x 5 1and . . • . a * J-
P.i/Ai " aPj/ aA.i ~ o/P^/(1-a) Aj = a
14 8,
where a is the stress in member i as well as in each part 
of that member.
It follows from equation 5*1 that:
P .  «  cxP. r x
and ...... 5.2
P." ~ (1 - a) P. x x
where P.” and P<  are the forces in the two members of i x
areas and (1- a) A^ respectively.
Any member of this structure, such as the new member, 
joining ah with area (1- a) A. and force P,E, can be removed 
without altering the member forces elsewhere, provided that 
the member is replaced by two equal and opposite forces P 
acting at a and b and in the same direction as the member, 
as shown in Figure 5.1(c). However, the case to be consi­
dered is the total removal of the member of area (1 - a) A.x
without compensation by external forces, i.e. with the net 
external force at a and b equal to zero.
In Figure 5.1(b) the original structure is shown 
subject to a second external system of only two equal and 
opposite loads of value X^ at a and b acting axially to a 
and b« The resulting member forces due to these are given
as
f - {fu  f2i ..... fi± .... fNi )
where f,. is the force in member 1 due to a load X.lx xacting axially to member i. It is to be noted that,
f.. =U...X . , j = 1, N*j x j x x '  J 1
where U_., is the force in member j due to a unit load acting J xaxially to member i.
Since member i is split into two members, the forces in
the two members, are given as a,X,, U.. and (1 -a) X.,U...:l ' x ix
Superimposing the loading systems shown in Figures 5.1(c)
and 5.1(d), gives rise to a system in which the set of
external load consists of:-
(a) The original set of external loads W 
plus (fo) A pair of residual external loads at each 
end of member if each of magnitude
e. - x, - (1- a) X. *U. . - (1 - a) P. . ... 5.3x 1 x xx x
as shown in Figure 5.1(e).
The system shown in Figure 5.1(e) is in equilibrium
under the external loads noted above in (a) and (b), while
the area of member i has now been reduced to the specified
area, aA,» x
Since the condition is imposed that the residual pair
of forces, e.,should be zero, then subsituting e. = 0 in.x
Equation 5.3 and putting B = 1 - a 
result in:
Xd * (1-B Uti) « B.Pj, ...... 5,4
Equation 5.4 may be solved to obtain the value of X., then 
the force in member i in Figure 5.1-(e) Is found equal to:-
P. = a(P.. + X..0..) ...... 5.5
The forces in all other members may be obtained by super­
imposing the forces due to the load cases of Figure 5.1(a) 
and 5.1(b) so the force in a typical member, k, is equal to
A “ pk + Xi-Dki ••••• s-6
15
where
Pk ~ £°rce 'un member, k, due to external
load W acting on the original structure.
= the force in member, kf due to a pair of
unit loads acting axially at each end of member i
In the same sense, the deflection at any joint, say m, 
due to the reduction in the area of member i, is similarly 
given as:
where
Dm = + xi -’ml 5‘7
X. “ the deflection at joint, nr, due to external 
load W acting on the original structure.
$ . “ the deflection at joint, m, due to a pair of
unit loads acting axially at each end of member 
i .
It is evident that statically determinate structures 
can be treated as a special case of statically -indeterminate 
ones and the same procedure can be employed to derive an 
expression for the variation of any deflection with respect 
to the area of any member. This is provided that the 
member is not, in this case, totally removed, thus leading 
to the formation of a mechanism.
15 1.
FIGURE 5,2(z) INITIAL GROW ID STRUCTURE SUBJECT
TO TEE CEELEAL SET OF EXTERNAL LOADS
FIGURE 5t2(b) INITIAL GROUND STRUCTURE SUBJECT TO
PAIR OF LOADS X. AT TEE ENDS OF MEMBER i
FIGURE 5,2 (c) INITIAL GROUND STRUCTURE SUBJECT TO
PAIR OF LOADS X. AT THE ENDS OF MEMBER J 1
FIGURE 5.3 -  THE STRUCTURE AFTER THE AREAS OF MEMBERS7 A
i and j HERE REDUCED TO a .A . and a A. RESPECT IVBLX' ,i l J J
1 5
Consider'the structure in Figure 5.2(a), where it is
desired to falter the area of member i by a factor a,, and:lthe area of member j by a factor a, simultaneously.3
Let three external load systems be applied to the 
structure as shown in Figures 5.2(a),(b) and (c).
1. The prescribed external load W causing axial 
forces Ift and P^ in the member i and j respectively.
2. A pair of axial forces acting at the ends of member
i and causing axial forces X.U.. and X.U.. ini n  i jimembers i and j, where U,, and U.. are the forces inii 3.x
members i and j respectively due to a pair of unit 
loads acting at the ends of member i.
5 , 4  S i m u l t a n e o u s  v a r i a t i o n  o f  t w o  j p r  m o r e  m e m b e r s ;
3. A pair* of axial forces X_. acting at the ends of member
j and causing axial forces X.U.. and X.U.. in membersJ 13 3 33i and j respectively, and in the same sense U.. and U..13 33are the forces in members .i and j respectively due 
to a pair of unit loads acting at the ends of member j.
Now, if the areas of members i and j are reduced to
a . A . and a .A. and compensating residual forces e. and e.. 1 1 3  3 1 3are inserted, the structure shown in Figure 5.3 results.
The original structure thus has the areas of members 
i and j reduced to their desired values, and it carries the 
original external set of loads and the residual pairs of 
loads e.. and e.. , acting at each end of members i and. j 
respectively, where
e. -  x . - B.(X.,U.. + X..U.. + P.) ..... 5.8i x x x xx 3 xj xand
15
Provided that X. and X, are chosen such that theDL ;j
residual forcesg, ande . are reduced to zero, the system 
in Figure 6 will contain the required set of forces and 
displacements. The forces in members 1 and j are consequently 
equal to ;
P . = a . (P . + X . ,U . . + X. cU. .,) .... . 5,10x x x x xx ;j xj
P . " a . (P , + X . U . . + X . U . , ) ..... 5.113 3 3 3 3 3 x 3 x
and the forces in any other non--altered member, k, for 
examp1e, will be
P. = P. + X, .11 , + X. , a . ..... 5,12k k x kx 3 kj
where, u, . and U, . are the axial forces in member k due k-E kj
to unit axial loads acting at the ends of members i and j 
r e s p e c t i ve 1 y .
Similarly, an expression for the deflection at any 
joint, say m, can be derived,
p ~  ^ + X i{j , + X, ih ......... 5.13m m x N rax 1 j  ' rnj
where, il» . and \h . are the deflection of joint m due1 rm± m3to unit axial loads acting at the ends of members 1 and j
respectively„
1From the'previous discussions, it is easily shown 
that the case in which n members are simultaneously varied 
requires n + 1 loading cases consisting of:
1.~ The. original set of external loads*
2.- Pairs of axial loads >b , i “ if 2, . . . , n, 
acting at the ends of members 1,2,3,...,n, 
where members l,2,...,n are those selected 
for variation*
5 . 5  S  I r a n  I t a n e o u s  v a r i a t i o n  o f  ^ m e m b e r s :
Superimposing the relevant cases of loading and setting
the residual pairs of forces , equal to zeroJ- a n
gives rise to n - simultaneous equations 
n
X. - B. >: X.. . U. . « B, P . ....... 5.14 ri i j = 1 3 13 i i
i -■ 1, . » . r n
Choosing the values of , that satisfy equations 5*14, 
ensures zero residual forces.
The value of the axial force in a typical altered 
member is given by:~
n
P , « a . (P. + E X ..U . .) ....... 5.15i i i x 3 13
and in a typical unaltered member as:
n
P. = P. + Z X.. IL , ....... 5.16kk . _ x 3 k;,
Similar expression can be derived for the joints displacements
n
D *= X + I X. \j; . ...... 5.17m m  3 Jnj
j *= 1
5 6  Policy of select.ing the optlmuxn Internal
topol ocjical con figuration:
As we recall from our discussion in Section 4, 3.10, 
that to arrive at the best internal topological configuration, 
certain groups of members would be removed sequentially 
from the basic ground structure. The groups of members 
to be removed in each step would be selected by the sub- 
sy £51 era ma s tor p 1 anne r .
The selection is based on the nature of the secondary 
bracing system chosen to restrain the main bracing members.
Furthermore, it was mentioned that, the investigation 
of the internal topological configuration requires two stress 
analysis operations. The first operation, would serve the 
purpose of selecting the cross-sectional properties and 
design condition of the first feasible solution, this leading 
to the determination of the basic ground structure and to the 
definition of the basic internal topological configuration.
The second stress analysis operation was needed to investigate 
and hence arrive at the internal topological configuration 
that best suited the current values of the state parameters 
of the stage under consideration.
The theorems of structural variation, in their gener­
alised form, were used to evaluate the merits and the dis­
advantages of removing the pre-selected groups of members,
A case of loading, corresponding to each member in a 
group, was to be investigated in addition to the basic 
external loads acting on the stage. The additional cases 
of loading corresponded to pairs of unit loads acting axially 
at both ends of each member in the removed groups. The sub­
system master planner, would then embark upon the second 
operation of stress analysis.
The member forces and joint displacements obtained 
correspond to the relevant values of the P / ’& and u, . “
i  j . iin equations 5.14* The simultaneous equations 5.14, 
corresponding to the members of the first group, were 
constructed and solved to obtain the values of the coefficients
3X. . The equations 5.15, 5.16 and 5.17 were used to r
calculate the new member forces and joint displacements, 
corresponding to the simultaneous removal of the members in 
the first group. The cross sectional areas of the
remaining members were then recalculated subject to ful­
filling the stress, deflection and slenderness ratio constraint 
and taking into consideration the changes in the design 
conditions of the remaining members due to the changes in 
the restraining secondary bracing members.
At this stage the new weight of the panel was calculated, 
and a decision taken by the sub-system master planner either 
to continue the policy of removing the members 03: to terminate 
the process.
The decision was based on the nature of the change in the 
weight of the panel under consideration; if the weight was 
reduced then the step taken was considered a successful one, 
and the sub-system master planner started the necessary 
preparations to investigate the effect of removing the 
following group of members. It should be noted that in no 
case would the sub-system master planner allow the investi­
gative process to proceed, if there was no reduction in the 
weight of the panel as a result of the preceeding variation.
Once members in a ground structure are. removed, the 
number of the design variables and stress constraints are 
reduced and thus the basic optimization problem changes. 
Furthermore, unless the existance of the unloaded joints 
is necessary in a way, these are also removed, hence 
reducing the number of deflection constraints as well.
The composition of each remaining constraint also changes 
during the process. These factors contribute to modifying 
the number of the design variables, the objective function 
and the boundary of the feasible region.
(2)11
F3
These modifications can he interpreted as a shift of the 
feasible region with respect to the previous feasible 
solution, if the point representing the previous feasible 
solution moved further inside the boundary, this is an 
indication that the design has improved and further improve­
ments are expected® If the shift in the feasible region 
resulted in an increase in the objective function the step 
taken is not successful*
It was felt that after each step of variations, 
a search within the feasible region, using a non-linear 
optimization technique such as Zoutendijkfs feasible 
direction method, might result in a new design with an 
improved relationships between the member areas* However, 
it was realised that this might have a detrimental effect 
on the overall efficiency of the multi stage optimization 
process® Furthermore, the simultaneous satisfaction of 
the stress, deflection and slenderness ratio constraints 
after each variation will result in a critical or very 
near critical feasible solution, i.e., a solution lying agains 
or very near to one or more of the constraints. Consequently 
it was felt that the simultaneous shift of the feasible 
region as well as the simultaneous satisfaction of the 
constraints is sufficient and suitable for the problem under 
consideration.
5*7 Application of the generalised form of the
Mathematical var1ation theorems to Transmission 
Line Towersy
The structure shown in Figure 5.4, represents a 
typical panel in a transmission line tower. Let it be
required to investigate the effect of reducing the cross- 
sectional area of certain groups of membersv on the distri­
bution of forces in the members of the structure.

Table 5~ i1
Members Sector
1 - 2 I
2 •- 5
1 - 2 
2 - 5 II
1 - 2
2 - 5 III
I - 2 IV2 - 5
1
. u
The structure is subjected to a general set of external 
loads, Table 5-i, and the sectional components of the 
external loadstars applied at the points (5).r, (5).r.r, (5).r_..r.JL J. J. X X X
and (5)t^ respectively, Figure 5.4.
Throughout the investigation the .structure is treated 
as a pin -jointed space truss, and full use of the symmetric 
nature of the structure is made. The basic procedure for 
the stress analysis represented in Chapter 3, is used to 
obtain the member forces and joint displacements. However, 
it should be mentioned that the special routines usually 
needed to guard against local singularity caused by coplaner 
members, were not incorporated and instead joint 6, Figure
5.4 was constrained from moving in the vertical direction.
The. initial value of the cross sectional areas of all 
the members was equal to 10.0 cm2.
The first group of members to be investigated is shown 
in Table 5.ii, their cross sectional areas to be reduced over 
ten equal steps to zero.
Variations in the maximum compressive forces in the 
main legs, main bracing members as well as secondary bracing 
members, were calculated using Equations 5.15, and 5.16 
and following the procedure previously discussed. Curves,a,b 
and c, Figure 5.5 represents such variations in members 1-2,
1-3 and 2--3 respectively, - Figure 5.4. The curves showed 
a gradual change in the value of the maximum compressive 
forces in the members whose cross-sectional areas were 
gradually reduced, curve (a), Figure 5.5 On the other hand, 
curve (b), Figure 5.5 reveals a sharp increase in the value 
of the maximum compressive force in the main bracing member, 
member 1-3, Figure 5.4. Similarly, a gradual increase in 
the maximum compressive force in the secondary bracing member 
member 2-3, is represented by curve c.
320
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FIGURE SS ■'‘VARIATIONS IN THE MAXIMUM COMPRESSIVE FORCESr
DUE TO REDUCTION IN CROSS SECTIONAL Ail I  OF SOME 
SECONDARY BRACING MEMBERS.
A similar study was made, to investigate the 
effect of reducing the cross sectional area of two of the 
main bracing members, members 1-3 and 3-5, Figure 5.4 
on the maximum compressive forces in members representing 
the previously mentioned categories of members, namely main 
legs, main bracing members and secondary bracing members* 
Curves e,d and c represents such study. The same
phenomena of the gradual change in the maximum compressive 
forces in the members whose cross sectional areas are reduced, 
and the sharp increase in the maximum compressive forces in 
the unchanged main members, was clearly observed*
The previous studies supported the previously mentioned 
and commonly used assumption, that the estimated value of 
the maximum compressive force in the restraining secondary 
bracing members is equal to 2% of the maximum compressive 
force in the restrained members*
Consequently, this study raised the question, what 
is the effect of reducing the cross sectional area of the 
secondary bracing members, on the values of the maximum 
compressive forces in the main members* The answer to
this question has a direct impact on this work, since to 
arrive at the optimum internal topological configuration, 
groups of secondary bracing members are to be removed 
i.e., reducing their cross-sectional areas to zero.
Curves (g),(h) and (1), Figure 5.6, shows the 
variations in the maximum compressive forces in the members
1-2,1-3 and 2-3 respectively, Figure 5*6, due to reductions 
in the cross sectional area of the member 2-3*
It may be clearly seen in Figure 5.6 that the changes 
in the maximum compressive forces in the main legs curve (g) 
and main bracing members, curve (h) due to variations in 
cross sectional areas of the secondary bracing members are 
minor.
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This behaviour suggests that in order to increase the 
overall efficiency of the multistage optimization process , 
an approximate method can be used to obtain the new values 
of the maximum compressive forces and joint displacements 
after each group of secondary bracing members are removed 
from the basic ground structure*
The proposed approximate solution is discussed in 
detail in the following section.
Finally, it should be mentioned that realising the 
limited effect the variations in the secondary bracing 
members has on the maximum compressive forces in the 
members, should not be taken as an indication for the impact 
of the procedure of removing groups of secondary bracing 
members on the stage optimality criterion, since the removal 
procedure has a clear effect on the design conditions of the 
remaining members.
5.8 Variation of two or more members as a group 
Approximate Solution
Suppose that it is desired to vary the properties of 
a group of members in an identical fashion. An exact 
solution could of course be obtained by applying identical 
independent variations to every member of the group and then 
solving the resulting system of equations for the values of
r , This approach would require as many loading cases 
as there are members in the group and would require the 
solution of the same number of auxiliary simultaneous equations
to obtain the values of X.,‘s..1
An alternative, approximate procedure is proposedf which 
requires only one extra loading case per group"of members and 
only one extra equation to solve per group.
FIGURE 5.7ra;
CASES (a) AND (b) ARE SUPERIMPOSED A U E R  EEDU 'I' .
AREAS OF MEMBERS i AND j to & A .r
J t'
7 TEE
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Consider a structure in which a group, r, of two members
1 and j as shown in Figure 5.7 (a) is to have their cross-
sectional area altered to a A. Let P. and P. denote ther x j
axial forces in members i and' j when the structure is suhjecte
to the general set of external loads, and let P. and P.xr j rdenote the axial forces in members i and j when the 
structure is simultaneously subjected to pairs of unit loads 
acting axially at the ends of members i and j as shown in 
Figures 5,7 (b) and 5.7 (c).
Reducing the areas of i and j and superimposing the 
two loading cases gives rise to pairs of residual axial 
forces at the ends of members i and j
d. = X - B X P. - B P. ..*..5.18 x r r r xr r x
e . " X ~ B X P . B P . ..... 5.19j r r r j r r ]
where P . and P . are the forces in members i and j xr jr J
respectively, when the structure is subjected to pairs
of unit loads acting at the ends of members i and j.
Ideally now X should be chosen such that e , ~ e, ~ o r x g
in which case an exact solution would be obtained* However
in general, equations 5.18 and 5.19 will be .inconsistant 
so that nc 
taneously,
o value of X will satisfy both equations simul*
If X.^ is chosen arbitrarily the resulting solution
will correspond, to the case in which the required area
variations have been made but the resulting structure is in
equilibrium under the influence of the external loads plus
some "contaminating" residual external loads e. and e..x 3
By minimising and e.. , the disturbance to the loading 
though approximate, is as near as possible to the exact 
solution.
1 6 8
Let the sum of the squares of the values of the 
residual forces be denoted by e f
2 ' 2 e = e . 4 e . 20
It is required to minimize e in order to obtain a minimum 
error on a least square basis.
Equating to zero the rate of change of e with respect
to X , de __ gives rise to a single normal equation 
dxr
X
B (1~B .P. ).P. + (1-B .P. ).P.)r ••_ n r ir r   _ r j:c _ j t
(l-B . P , ) + (1-E .P. ) 2f. rr j. 31
5.21
The force in members i and j will thus be,
P. = a (P. + x ) :l r r 'r ir
P, = a (P. -I- x ) 3 r 3 r j r '
5.22
and the force in a typical unaltered member, will be,
P. « P. + x rib k k n: kr 5.23
where, P^ is the force in member k, when the
structure is simultaneously subjected to pairs of units loads 
at the ends of members i and j.
A similar expression can be obtained for the joints displace­
ments ,
£ « v. 4 X dm Am 1 *r 1 mr 5.24
where X and i|/ are the displacements of joint m when the 
structure is subjected to the external loads and pairs of 
unit loads acting axially at the ends of members i and j 
respectively.
FIGURE 5 . 8 w EXPLODED VIEW Or THE PANEL SHOWING THE MEMBER 
IN GROUPS r AND s .
FIGURE 5.8 (t>) THE STRUCTURE IS SUBJECT TO PAIRS OR AXIAL LOADS ft, 
AT THE ENDS OF EVERY MEMBER IN GROUP r.
PAIRS OF AXIAL LOADS ft ,AT THE ENDS OF EVERY Mb'iBFR TN GROUP S
_
i. T .
For a group r containing m^ members, then 
equation 5*21 becomesP
ni.,si (Xr P . T>II
B P r • j© -P. ) = r jT a 5® 25
5 s 9 Simultaneous variation.of two or more groups 
of members - Approximate solution
If all the members of a group are to be subjected 
to the same variation, an exact solution can only be 
obtained by treating the members of the group individually 
as in section 5.3 - requiring as many loading cases as 
there are members in the group. For the case of several 
groups the situation remains unchanged - one extra loading 
case is required for every member that is to be varied.
We derive here an approximate technique in which only
one extra loading case per group is required. Suppose
the structure contains n groups of members of which r and s
denote typical groups containing in„ and m members respect-.c s
ively, Figure 5.8 (a). Let Py, denote the typical force in
a typical member of group x when the structure is subject
to the general set of external loads. Let, as well, P
denote the force in a typical member of group :c due to
pairs of axial loads of magnitude X acting at the ends of
every member of group r. Let X..P„ denote the force in ar s r
typical member of group s, due to the X loads acting on 
group 3i', Figuire 5.8(b)
Similary, let X P and X P denote the forces in f s ss s ra
the same previously mentioned members in groups s and 3: 
respectively due to pairs of axial forces of magnitude Xc 
acting at both ends of the members of group s, Figure 5.8 (c)<
B -X P
FIGURE 5.9 o»
FIGURE 5.9(c)
reduced to a proportion ct , and those of group s to a
proportion a etc. , then the axial forces in typical s
group of members and the residual external loads will foe 
as shown in Figures 5,9 (a), (b) , and(c).
I f  t h e  a r e a s  o f  t h e  m e m b e r s  o f  g r o u p  r  a r e  n o w
Now, super imposing all the loading cases, the 
residual forces acting at the ends of the members of group r 
a r e g i v e n b y: -
n
e . ~ X - B I X . P .. ~ B P ....... . 5.263 r r issl i ii r 3
j = 1 , mr
where P_. is the force in member j of group r when subject 
to the general set of external loads, and is the force
in member j of group r when the structure is subject to unit 
axial loads acting axially at the ends of the members of 
group i.
Similar expressions hold for other groups of members. 
r s f sIdeally the X , XrH etc., should be chosen to X s
render the value of e,. in all groups to zero. As this is
not possible in general we again seek to minimize the values 
of the residual forces on a least square basis.
Summing the squares of the residual forces at the 
ends of every member in every group gives:
e
mn r 
* I I 
r-l j=l
x B (P . r 3
n
I X. P . . )
i-i 1 31
5.27
e is thus a function of X_, X0 ...... X and we require thatJ. 2 ' n
set of values for X., X which minimizes e.1 2  n
X  7 3 .
Differentiating e with respect to a typical Xv
j V
yields the 3c fch equation of the set of n normal equations 
whose solution'defines the required set of X values.
S n mr
■4 « X £
3Xk r=I j-:
n
X ~ B (P . + E X. P . . ) B P _r r j  ^ .i ji/ j r 3 k
nu _ n
X, - B, (P. + Z X. P.} ) k k j j 1 j .1
kZ
j«l
0 .....5.28
3c i, z , 3 , . « . , n
After solving the n equations fo:.: X.. f i = lf2f...,nf 
the forces in the members may be obtained 3oy super-imposing 
the loading cases as follows
n
P. a (P. + Z X. P..) 5.293 r 3 iE=1 1 3 -1-
where P., denotes the force in the j th member of group r,
11
P. = P + Z X. P . . . e . . 5.30a a , -1 i ax
where P denotes the force in any typical member not in any
of the groups of members being varied, P is the force in thatatypical member due to the general set of external loads,
and P . is the force in the typical member due to pairs of ax
unit loads acting axially at the ends of members in group i,
Similar expressions hold for displacements and reactions.
5.10 Computational o xcj anisati o n
To facilitate the setting up of the normal equations
of which a typical one. is Equation 5.24, it is re-arranged;
into .the form:
a. .. X + ai n X0 -}• ..... + a, , X. +a, , + . « « . >a, X = b . . 5.33.ki 1 3c 2 A kl 3-i kk kn n n
1is given by 
in
I.
■a kiT
ci typiceil off1' C.A J. cl'
mn 0 r
p . E B ~ Z
3K r-l L i=l
*kl
mk
P.. P + B, I P. -Jk jL k j^i JL
And the diagonal coefficient,a., is given by
a.kk
k n
2 B, z P .. ■
. kj=l 3k r-l
in
E B E
j»l
P ..3 k ni3c
D, JJ
the right hand side term, ft., is given by
hk
n
Z
-r-l
m
2 JB E r P . P
j=l jk
B.
m,Jv
. E P . k Jj=l
.  5,34
The expressions in 5.32, 5.33 and 5.34 suggest a systematic 
formulation for setting up the n normal equations.
Note that if the subscript k and L are interchanged 
in expression 5.32 the value does not change confirming 
that a, T - aT, i.e. a symraetric system. Note, also thatKJLi J j K
all the previously considered cases are derivable from the 
case of n groups. For example, if the groups are made 
to contain each only one member the exact solution is obtained
To assess the technical success and the computational 
efficiency of the optimization procedure, it was decided to 
apply it to the investigation of an actual transmission line 
and compare the proposed designs with those prepared by a 
3: e p ut ah 1 e d e s i g n o f £ ice*
The transmission line is a 220K.V. line, transmitting th 
electric power between DAMANHOUR and ALEXADRIA in the 
ARAB REPUBLIC OF EGYPT *
The designs were to be carried out according to the 
climateological conditions prevailing in the locality of 
the route, and using the available sizes of the locally 
produced rolled sections, table 4-vi.
Four types of towers were considered in the investi­
gation, the suspension tower D^, the anchor angle tower D^q 
to be used for route turning angles up to 30°, the anchor 
angle tower to be used for route turning angles between 
30° ~ 60°, and the terminal tower to be used at end 
sections of the .route.
The comparative designs, prepared by the Finnish 
company TECALEX, were as presented to the authorities for 
final approval.
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The basic*geometric dimensions, and the basic load 
assumptions for each type of tower are represented in 
Fi gur e s (6 -1; 4) »
At the territory of the ARAB REPUBLIC OF EGYPT, one 
can seldom find temperatures below 0°, or ice-crust on the 
conductors and the earth wire.
The maximum wind velocity recorded over the past 50 
years is 30 metres per second,
Accordingly, the maximum stress in. the conductor material 
will appear only with maximum wind and at the lowest air 
temperature. In which case, the tension in the material 
increases, both, due to additional wind load and the reduction 
of the conductor length at the lowest temperature.
The minimum allowable yield stress of the steel used 
(St 37) is 2200 kg/cm4.
Finally, it was decided by the purchaser to restrict 
the designs of the anchor angle and terminal towers to those 
with square cross-sections, while no such restriction was 
imposed on the suspension tower.
6 «3 Pattern of Inves tlgat.ion
The program was run on the CDC-7600 machine and the 
maximum storage requirements were 46K units.
The program was generally used in its first mode 
of operation, although it was used in its second mode as 
well in the investigation of Tower D ^ .
Each of the three types of towers, and
was investigated in such a way as to throw light on a certai 
functional property of the optimization procedure. In this 
sense, the suspension tower was used to demonstrate the 
ability of the procedure to optimize the dimensions of the 
towers in the longitudinal and the transversal directions, 
the investigation of the anchor angle tower was meant 
to demonstrate the ability of the procedure to study the 
effects of the allowable number of kinks in tho main legs 
and the selection of the boundaries of the feasible georoetri 
manifold, and the anchor angle tower was investigated 
in such a way as to illustrate the feasibility of the second 
mode of operation and the validity of the approach based 
on specifying the range of search as a certain ratio of the 
dimensions of the first feasible design,.
Finally, the maximum, and minimum limits of search were 
selected as 1.5 and „5 of the relevant dimensions of the 
first feasible design, and the number of search points for a 
independent design parameters was chosen to foe five, and the 
number of the local optimum solutions to be defined is also 
five.
6.4 Results
In this section the results will be classified, and 
presented in a broad sense, the detailed discussion and the 
concluding remarks will follow in Chapter 7.
The time required to obtain and then identify the 
configurations of the local optimum solutions for the 
different types of towers is presented in table 6*~i0
Table 6~i
Type of 
Tower
Time
(seconds)
2150
D30
16 80 1050
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The general geometric and topological configurations 
of the design prepared by TEC. ALEX and the first feasible 
design are presented in Figures (6-5,6-6) respectively.
Figure 6-7, represents the weight curves of the local 
optimum designs and the first feasible design, the weight 
curves were obtained using both the idealised section and 
the available sizes of the rolled sections (discrete sections).
The values of the maximum compressive forces in the 
main leg of the lowest panel is presented in Figure 6-8, 
together with the curves of the separate effects of the 
external loads the wind pressure forces and the self weight, 
of the different local optimum designs and the first feasible 
design.
The suspension tower was also investigated under 
different combinations of dependent and independent design 
parameters.
In Figure 6-9 the basic geometrical and topological 
configurations of the first local optimum and the first 
feasible design are presented, in this investigation the 
longitudinal and transverse dimensions were restricted 
to be equal.
In the second investigation. Figure 6-10, the longitudinal 
dimensions were restricted to a certain ratio of the transverse 
dimensions (the most common ratio 2/3 was used)*
Thirdly, the longitudinal and transverse dimensions were 
treated as independent variables, the basic geometric and 
topological configurations of the first lociaT' optimum design 
and the first feasible design are presented in Figure 6-3.1.
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Finally, the weight curves and the percentage of 
improvement in the weight in each of the above mentioned 
cases of operation aro presented in Figure 6-12.
6,4,2 Anchor angle tower (D.3 ) :~
The general geometric and topological configurations 
of the design prepared by TECALEX and the first feasible 
design are presented in Figures (6-13, 6-14), respectively*.
The weight curves of the local optimum designs and the 
first feasible design, are presented in Figure 6-15+ As 
in the case of the suspension tower, the curves were 
obtained using both the idealised section and discrete 
sections»
Figure 6-15, represents the maximum compressive forces 
in the main leg of the lowest panel of the first feasible 
design and the local optimum designs, The separate effects 
of the external loads, the wind pressure forces and the self 
weight are also represented in Figure 6-16,
The basic geometric and topological configurations of 
the first local optimum design and the first feasible design 
are presented in Figure 6-17.
The program was used in its second mode of operation 
(modes of operation are discussed in Appendix F), together 
with the basic geometric and topological configurations of 
the first local optimum being used as the configurations of 
the initial design. Two ranges of search were investigated. 
The first was a narrow range of search, extending from .875 
to 1.125 of the basic geometric dimensions of the first 
local optimum, and the second was a wide range of search, 
extending from .5 to 1,5 of the basic geometric dimensions 
of the first local optimum, The local optimum solutions
thus obtained are presented in Figures 6-18 and 6-19 
respectively,
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The weight curves and the percentage of improvement 
in the weights of the local optimum solutions are presented 
in Figure 6-2'0„
6*4*3 Anchor ancle tower ( D , „ )s6 O
The genera!!, geometric and topological configurations 
of the design prepared by TEC.ALEX and the first feasible 
design are presented in Figures (6-21,6-22) t respectively*
The weight curves obtained using both the idealised 
section and the discrete sections are presented in Figure 
6-2.3*
Figure 6-24, represents the maximum compressive forces 
in the main leg of the lowest panel of the first feasible 
design and the local optimum solutions* The separate 
effects of the external loads, the wind pressure forces, 
and the self weight are also represented in Figure 6-24*
The basic geometric and topological configurations of 
the first local optimum design and the first feasible
design are presented in Figure 6-25*
Figure 6?26 represents the effects of prohibiting the ki
in the lower part of the tower on the geometric and
topological configurations of the first local optimum.
It was realised that when the kinks were prohibited the 
first local optimum tended to lie against the inner boundary 
of the selected maximum range of search, consequently it was 
decided to investigate the effects of activating an arbitrar 
boundary within the feasible range of search? Figure 6*27®
The percentage of improvement in the weight due to the 
separate effects of optimizing the base dimensions and -the 
height of the tower are presented in Figure 6*28, together 
with the weight curves for the local optimum solutions*
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The genera3. geometric and topological configurations 
of the design prepared by TEC/-LEX and the first feasible 
design are presented in Figures (6-29,6-30), respectively.
The basic geometric and topological configurations of 
the first local optimum and the first feasible design are 
presented in Figure 6-31.
Figure 6-32, presents the weights of the local optimum 
designs, the first feasible design and the percentage of 
improvement in the weight* The weight curve was obtained 
using the idealised section only. Further investigations 
were halted because it was realised that the tower must have 
been designed to support a more critical set of external 
loads than those made available to the author. This 
suspicion was strengthened by observing that the. lengths of 
the cross arms supporting each circuit were differentf 
suggesting that the terminal tower was designed to function 
as a terminal angle tower as well. Clearly the set of 
basic loads provided was incomplete, a fact which would 
obviously make any comparative study inconclusive.
CHAPTER 7
Dieavis s ions and Con cl us ion s
7*1 Basic optintii?a t1 on procedure t -
The optimisation procedure has been presented in 
Chapter 4= The necessary links with both the adopted 
method for stress analysis and the reformulated established 
theorems of structural variations, were firmly established, 
giving rise to a convenient self adaptive optimization 
procedure. This means that the process does not require 
continuous monitoring by an experienced designer who 
should have the means of stopping the computations and 
making appropriate changes in the problem formulation.
Furthermore, the introduction of the concept of dual 
design spaces made it possible to incorporate many of the 
essential features of towers in the optimization procedure.
The interaction between the tension in the material 
of the conductor, the relevant design parameters and the 
boundaries of the feasible geometric manifold, enhanced 
the search for the optimum solution, while the inclusion of 
the characterising features extended the scope of the search
7. 2 Discussion
The curves presented in Chapter 6, will have served the! 
purpose if they have illustrated, first, that the problem 
of optimization of towers bears upon a diversity of factors, 
second, that the optimization procedure plays a central role 
in arriving at their optimum design.
As previously stated the aim of the investigation a cl' 
the cases of study was mainly to assess the technii enl 
success and the computational efficiency of the optii-ization 
procedure, and it was not meant to deduce from it certain 
definite recommendations regarding the present design practice 
of a class of towers. Instead, some of the special features 
of towers included in the formulation of the problem, were 
investigated, giving evidence to the extent of their effects 
on the search tor the optimum design, and in addition 
stressing the fact that it is impossible for a designer to 
take the proper decisions regarding the optimum values of 
the set. of parameters involved in the design of towers, 
without having a proper tool.
7,2,3. The first feasible design:
The approach followed by the optimization procedure 
to arrive at the first feasible design proved to be 
successful. The correlation between the weights of the 
designs obtained following this approach and those prepared 
by TECALEX is quite satisf:actory.
The weights of the first feasible designs of towers 
D2'B30' and D60 wsre heavier than the weights of the prepared 
designs (TECALEX) by 3.7, 4.3 and 4.0 per cent respectively. 
The first feasible design of tower Lft was lighter than the 
TECALEX design by 8.45 per cent, however, this result is 
considered misleading due to the reasons mentioned earlier.
The results indicated that the approach followed, besides 
being successful, is flexible, allowing the inclusion of as 
many or as few design assumptions as required by the 
particular design office or establishment.
Furthermore, it should be mentioned that, although the 
weights of the first feasible designs are fairly similar 
to thoso of the prepared designs, their geometric and 
topological configurations are not. This remark indicates 
that only rational changes in the geometric and topologi cal 
configurations of the first feasible design are the ones to 
foe aimed for, since there is a rather wide range of 
configurations for every tower which have almost identical 
weights.
7.2.2 The optimum choice of the tensile Jqorce
in_the matcria/ of the conductors*
The interaction between the relevant design parameters 
the value of the tension in the material of the conductor and 
the boundaries of the feasible geometric manifold, clearly 
enhanced the search for the optimum design* Furthermore, 
the optimum choice of the value of tension in the conductor 
proved to be as important as the selection of the optimum, 
ba s e wi dth, Figure 6-28*
The investigation of the suspension tower , Figure 6-9, 
showed that increasing the. height of the tower to reduce the 
tension in the conductor is not always beneficial*
Nevertheless, this interaction proved to be highly succss 
ful and it is recommended to follow it in any tower design 
problem,
7.2.3 Functional constraints on some of tho
Restricting the feasible designs of the anchor angle 
towers to those with square cross section was fulfilled by 
imposing a functional constraint on the design parameters 
defining the top and bottom base dimension of every panel*
oFurther functional constraint was imposed on the design 
parameters defining the cross sectional areas of the relevant 
members in the longitudinal and transverse faces of tower, 
to fulfill the requirement that the anchor angle towers 
should be equally durable in both the longitudinal and 
transverse dire ctions„
The validity of the above mentioned functional constraint, 
was not questioned since these requirements were approved 
by the authorities in the ARAB REPUBLIC OF EGYPT. However, 
the optimization procedure can .be plausibly used in a study 
to investigate the actual merits of the mentioned functional 
constraints*
TECALEX decided to impose the functional constraint 
on the cross sectional dimensions of suspension tower, while 
allowing the relevant members in the longitudinal and 
transverse faces of tower to have different cross sectional 
areas -
It was felt that the suspension tower is thus an 
attractive object to assess the merits of deleting the 
functional constraint on the cross sectional dimensions 
and hence optimizing the cross sectional dimensions of 
the tower in both the longitudinal and transverse directions 
independently. The study, Figure 6--12, showed that the 
functional constraint on the base dimension should be 
deleted in the case of suspension towers. Furthermore, 
the study showed that the designs with square cross section 
are more favourable, in this case, than those with the 
(2 to 3) conventional cross sectional dimensions.
?,2.4 Internal topo1oglca1 configuration
of the towers;-
The opt imi sat ion procedure was successful in selecting 
the optimum internal topological and geometric configurations 
of the towers. The investigation of the feasible 
configurations was both computationally efficient and techn­
ically successful within its feature! limitations.
However, it should be mentioned that the nature of the 
investigated towers (neither was an especially high tower), 
and the load schemes applied to themf added to the organisat­
ional efficiency of the procedure by limiting the number 
of internal members in the panels, and consequently reducing 
the number of members to be investigated and the stages 
of investigation.
Furthermore, the results obtained from the different 
cases of study showed that the decision, not to embark upon 
a search within the design subspace to improve the relation­
ships between the member areas after removing each group of 
members from the ground structure of a panel, was justified* 
The simultaneous satisfaction of the stress and slenderness 
ratio constraints resulted in designs that are both feasible 
and practical.
Throughout the investigation, the deflection constraints 
were deleted - nothing was included in the project tender, 
however, it should be "'mentioned that extreme care should be 
taken while imposing such constraints, since it was found 
while testing the optimization procedure, that stringent 
deflection constraints result in unnecessarily heavy 
optimum de s igns.
7.2.5 IHie jconeept ^ of dual design spacesy
. The implementation of this concept was advantageous and 
in fact extended the scope of the search by allowing the 
optimization procedure to investigate the internal
topological configurations of a panel together with its 
basic geometric and topological configurations.
This investigation would not have been possible if the 
design parameters defining the internal topological 
configuration of a panel, were included in the same subset 
of design parameters defining the basic geometric confi- 
furafcions of the panel.
Throughout this study it was realised that if the 
techniques of non-linear programming were to be used to 
optimize a real design problem, with significantly high 
number of design parameters, the concept, of dual design 
spaces should be implemented.
7o2.6 Idealised section versus discrete sections.
The method used in the present study was to find 
sections that fulfill the design requirements for each 
member using an idealised continuous section, instead of 
the real list, then the sectional areas were rounded off 
sensibly and the appropriate section in the discrete list 
was selected.
The percentage of increase in the weight of the 
optimum designs for the different cases of study is presented, 
in Figures 6-7,6-15 and 6-23. The increases in the weight 
of the first local optimum design of anchor angle towers 
i are 3.6 and 4.1 per cent respectively, while the
increase in the case of suspension tower is 2.,0 per cent, 
this can be attributed to the fact that in anchor angle towers 
heavier rolled sections are used more frequently than in the 
suspension towers, and they are less efficient.
The increase in the weight of the first local optimum 
design was always greater than that in the remaining local 
optimum designs, indicating that* the first local optimum 
design is more sensitive to the round off approach than the 
remaining local optimum designs*
7 * 2 . 7 Arbitrary 11mltat:i.ons on gecmietrical^f reeoom
As previously mentioned, these limitations were necessary 
to direct the optimization process, and to make the. best 
use of the investigated geometrical combinations. However, 
it was felt that the effects of these limitations had to be 
investigated* Having obtained the first local optimum 
design for tower , it was recycled again in the. optimi­
zation procedure being treated, cis a first feasible design, 
and investigated over two ranges of search. The first, 
a fine one over the distance (* 875-1*125) of the dimensions
of the first local optimum design, Figure 6-18; second a
coarse range over the distance (5 - 1*5) of the dimensions
of the first local optimum design, Figure 6-IS,
The study showed that the weight of the first feasible 
design can be reduced by about 23% according to the original 
limitations while the weight of first local optimum design 
can only be improved by 2,8% (using a fine grid of search) 
and by 2.1% (using the coarse grid of search), Figure 6-20.
Furthermore, the study showed that the fine grid of search 
was more advantageous as far as further improvements in the 
weight of the first local optimum design, which indicates 
that the first local optimum design is fairly near to the 
global optimum design,
7.3 Suggested Improvements
It is evident from the results presented in Chapter 6 
that the optimisation procedure is technically successful 
and computationally efficient. However, it was felt that 
some features, if implemented in the procedure, might add 
to its merits.
- This work was mainly devoted to the super-structure 
of the towers, and nothing has been mentioned about their 
foundations» The interaction between the optimization 
procedure and the design of the foundation is likely to have 
detrimental effects on the computational efficiency of the 
procedure* However, the inclusion, in the optimization
procedure, of a foundation design cycle to foe used after the 
identification of the local optimum designs would seem to be 
a reasonable approach.
- The effects of the diagonal members end fixity and 
their stiffness relative to the stiffness of the main legs, 
were not included while calculating the slenderness ratios 
of the various elements., However, it was felt that to
carry out these refined stress calculations the details of 
the joints of the tower should be available, which Implied 
the need for an additional design cycle.
- The merits of the interaction ■ between the design 
parameters, the value of the tension in the conductor and the 
boundaries of the feasible geometric manifold, were clearly 
felt during this study. A further extension of the scope
of the search can definitely be achieved by finding a plausible 
way to include the design span between towers in the set of 
parameters investigated by the optimization procedure.
- Finally, a further investigation might"find if advant­
ageous to execute a cycle, prior to the investigation of the 
first feasible design, to reduce the weight without altering 
the topology of the tower following the approach presented 
in Appendix E.
7 ° 4 Extensi on _tcy the work;
~ Having realised the advantages of the optimisation 
procedure, and the extent of its scope of investigation, it i 
felt that it can be used to reinvestigate the established 
codes of practice governing the design of free-standing type 
of transmission towers„
-Similar studies should be made, in the field of 
optimum design of guyed towers. The guyed towers will 
eventually emerge, after finding satisfactory economical 
and practical solutions to the technical problems in 
manufacture, design and constructionf as a low-cost 
alternative to the free-standing type of towers*
- Interactive computer graphics should foe incorporated 
in the implementation of the optimization procedure.
This would provide a more elegant and efficient means of 
information interchange between the designer and the 
computer,
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It j s difficult to calculate the wind loads acting on 
a transmission tower, even when using a simple model of wind 
behaviour * The wind load is mainly a function of the wind 
pressure and the wino.ward area of the tower members. This 
area is a function of the final design of the tower, but this 
design is itself a function of the wind loads. The deadlock 
can be avoided by using the two methods mentioned in section 
4.11.11c
In the first method it is assumed that the 'windward 
area of the tower per unit height is independent of the value 
level. The wind load acting on a height element <SY is given by 
W6Y ? and is independent of the value of Y. By integrating, 
the total wind shear acting above a level H can be expressed as:
PVT = A - BH , * * < , A.lWwhere A and B are constants for the particular transmitted
voltage and wind pressure. In the present work these constants
should be provided by the user* The values of these constants
should be- chosen in order to give a reasonable fit to the
actual wind shear. A quite good fit can be achieved by
making use of the information available from similar complete(84)designs* Shepphard , showed that the present method is 
adequate for finding the loading on a tower due to wind to 
an acour acy o £ 5 %.
At the upper part of the tower, equation A.l gives less 
reliable results, due to the presence and nature of the cross- 
arms* The cross-arms are a part, of the structure where 
material is concentrated over a limited area. Figure A.A*
So the assumption of the linear continuous distribution of 
wind loads up the tower face is not fully valid*
f  I  G L E E  A ~ A  -  ASSEMBLY OF THE CROSS ARM MEMBERS
A x i s  of the transmission 
line .
Icr.gi tudir.al
F IG U R E  A - B
THE MEAN TRANSVERSE AND LONGITUDINAL 
DIMENSION OF A PANEL UNDER CONSIDERATION
Table Ai
In the present, v/ork, this method will be need as 
an estimate of the wind load on the panels. The basic 
topological and geometric features of the. panels are used, be.i 
available as the first feasible solution is defined.
For the following stages of the work, where the 
detailed design of the panels is looked for, a more reliable 
.method will bo used* Accordingly, the wind pressure on 
the surface of area A is determined by the formulas-
Q. q r* Cw A,
wher;
0 “ wind load, kg. 
q - normative velocity head
C -- Aerodynamic factor of the space framework a
A - The projected area of the framework normal to
2the direction of wind, m /
C - Factor of dynamic influence of the wind*
n “ Factor of safety for the specific operating 
condition.
c « c (i+n )a p A. 3
where C - is the aerodynamic factor of the plane P frame work.
= xcr  m
A
A. - projected area of the. plane framework members
1 ‘ 2 “ m <
ci Aerodynamic coefficient of the framework member 
1.14 in the case of rolled sections* 
coefficient dependent on C and the ratio between 
the transverse and longitudinal mean dimensions 
of the framework under consideration* Figure A~B.
The values of h are obtained from Table 2V-i. For 
intermedlate values, a parabolic interpolation was shown to 
give reliable results, The method of interpolation will be 
discussed In detail in Appendix B,
C 1 i cl „ G «III ... A c, 4w
where
a - factor which considers the presence of heavy 
systems of wires and steel ropos? 
e - factor depending on the period of the towers 
free vibration. 
m - factor of velocity head pulsation.
For self-supported transmission towers, having heights
not more than 50.0m. , the value of C. is taken as prescribed
W ( 7 Q  \by the Russian Post Office regulations 1.35,
APPENDIX B
Parubol_ic erpolafcion_ ^
The use of interpolation was desirable from a computation 
point of view, since the number of elements in the table 
defining the relation between the mean transverse and longi­
tudinal dimensions and the factor X A, C. is high, requiring 
1792 elements to be stored* A
So a compact form of the original table was used together with 
a reliabLe method of interpolation*
The curve of a function is shown in Figure1; B-A„ The
value of the function is known at the grid points A,B,CfD
where Xr < X., X < X„ < Xv. . It is assumed that the functionA B C D
curve E-P-C can be approximated by the parabolic curves B-P 
and P--C, The tangent, of curve B-P at point; B is the line
tl-U, the gradient of U~U is assumed to be the same as that of 
the line A--C. The tangent of the curve P-C at the point C 
is the line V-V? the gradient of V-V is assumed to bo the
same as that of the line B~D. The tangents meet at point J
with abscissa XJ which defines the peak S of the parabola.
The distance X--S is defined as half of the distance H between 
I and J fc If X XJ, then the required value of the function 
at X is given by:-
F « Fp (Xc-X) + Fc , (X-XB)
V
If X X..t then the required value is given by,
FT)
This method of interpolation has proved very satisfactory 
for the type of h curves encountered in the present work.
F IG U R E  B -A  -  PARABOLIC INTERPOLATION
j. .1/ J 1.I'< D .L j s. C-
B A G  AM D T E N S I O N  C A L C U L A T I O N S
Under normal conditions of erection, the height of the 
conductor at the centre of the span will be less than the 
height at the supports, the difference between the two 
being known as the sag - Figure C-A,
A knowledge of the amount of sag is important, since 
it is this height which determines the least height of the 
conductor above the ground. The sag at a certain time 
depends on the tension applied, to the conductor at the time 
of erection and on the climateological condition at the 
locality at that time. The greater the tension the lower 
the sag for a given conductor and span length, but the 
tension cannot be made too great otherwise mechanical failure 
in the conductor may result. On the other hand, if the sag 
is made too large, higher towers must foe used to give the 
necessary ground clearance and Xongpr cross-arms are required 
to prevent the lines clashing at high winds.
Consider the span shown in Figure C-A, the support 
P is at the same height as the support P ' and the lowest 
point of the conductor, o , is midway between the supports.
Let the length of the conductor between 0 and P ‘ equal 5 
and the. weight per unit length of the conductor equal w.
The tension at. 0 and P* measured tangential to the conductor 
at these points are I and respectively,
Then, sin 0= w.& .... c - 1
and T-j cos 9~ T .... c - 2
Let T = c w where c is a constant,
From c - 1 and c - 2?
tan 8 ” 'l/c . . * . c ~ 3
F IG U R E  C " A  ~ DIAGRAMATIC SKETCH OF CONDUCTOR ARRANGEMENT 
BETWEEN TWO TOWERS
Table C-i
Working voltage Minimum Ground Clearance
Not exceeding 650V 
d.c. or 
350 V. A.C.
5.7 m
Not exceeding 
66 K.V. 6! ra
66 K.V. to 110 K.V. C.4 rn
110 K.V. to 165 K.V. 6.7 m
Exceeding 165 K.V. 7.0 m
___
This is true for any point along the conductor 
Consider an element of length dt at point M ,
? 2 ? dt- -- dx -!• dy
(dt/dy ■''' « (dx/dy) c - 4
From c ™ 3 and c - 4 :>
(dS/dy) “ (c/'S)■)- 1
dS /dy
2 , 2c + &
•-a
dy 5. dS
(T y
integrating?
r ~ 2  tV c ■+y = y “ + S2 + A
where A is the constant of integration. If the origin 
is chosen such that y ~ c when & = o (i.e. the origin is 
at a distance C below the lowest point, o, in the span)/ 
then A ~ o *
This gives the relationship between the vertical displacement 
y and the distance & measured along the curve of the 
conductor«
To determine the relationship between x and & 
the procedure is as follows:
2 2 , 2 y ~ c + &
Differentiating with respect; to x f 
2y, (ciy/dx) - 2 Vs , (dZ/dx) 
dx c.dS / \(c2 + t 
integrating ,
x = c log (5 l/c2 + 52) + B
when x -■■ o t B ™ o 13 ~ ~c log c
e
x/c ~ log (B + \m •!- C2 )/C 
which gives ,
2 2 v /<-Z + C = C.e c - 6
1/ (B -I- Vz2 + C2 ) - (l/c) e“x/c 
Rationalise the left hand side ,
Adding equations c~6 and c ~ 7 *
2 l/Z2 + C2 -Che x//° -I- C.e ~‘x'/c
/to / x/c , -x/c,y -- c/2 , (e e )
y - cosh {x/c ) .c *.,o o - 8
Subtracting equation c-7 from c~6 f
2S = C.eX//° - C.o“X//c 
» - (C/2) . (ex/c - e'"x/c)
Z = C.sinh (x/c) c - 9
Equations c-8, c~9 may be used to find the value 
of tho maximum sag and also the total length, of the 
conductor between the two supports.
Alternatively, the following approximation may be used„ 
Expanding the hyperbolic function in equation c-8 we. have
Y " C { (1 ; U /C) .. (X'/C)2/ a n „(X/C) , ( X / C )2 If 1 “Tf ,co‘; ‘ a  T F  27~
- £ { 9 + 2 (X/C) 2 + 2 (x/c) 4 n
'2 1 2 1 41
Neglecting all terms after the second ( which is quite 
permissible since the ratio x/c will be less than 1*)
we have
y C { 1 + } * C +
2Y “ c T.
2C
\denoting y •*- c = y
2
y - 5c
which is the equation of a parabola.
if the span length is £ then, when x = £ 
y " d , ft he maximum sag)
d = {1/2)2 _ £?w c - 10
2 C  ’“ " ”  8 .  T '
This expression gives the maximum sag under normal conditions 
i,e., no wind or ice loading, in terms of the span, the 
weight per unit length and the tension at o * The above,
approximate expression is well justified when the span is 
less than 300 metres, and the ratio of the maximum sag to 
the span is less than 5 per cent,
An exact value for the total length of wire betwee 
the two supports may be obtained from equation c-S. this 
may be simplified with a reasonable degree; of accuracy 
as follows?-
ft c.sinh (x/c)
c r x/c -x/c 1= -x \e ■*’ e .*
= 9.{ 1 + X/c 4. (X/c.) I_n + lix/c2 II ' 21 J I II ' 2 1
- r { (x/sl + ix Z s il }
-  c  I  J J  ' 3  1 ‘ .................... *
taking the first two terms only we have r
ft « C ( S  -i- „2L }
c 6. c"
L., 3
+1(t  } ...... C ~ 116C”
Hence, for the total length
r 3
J ~ l -
ft « 2L, +t I 3cz
V ?•1but ~ 2d from equation c-IO*L*
h !  ,  1 .  < £ .
3C4 ** hl
* a2and f t. »  2L, + 4- * * 0 0  c ~ 12u 1 3
Tension at the snpporis
The expressions derived previously utilise the 
value of the tension at the midpoint of the span, whereas 
it is the tension at the supports which is the needed 
quantity when designing the supports, the relation between 
the two may be found as follows?
From equations c-1 and c-2
T ^ cosG — T
T, sinO - wS
2 ,„2 , 2 T ^ T + w * B
2 2 2 Since, y " c + Ft" and c ~ T/w
2 2 2 2 L 2 .. 2 w y « c „w + w • Vs
2 2 2 a 2 2 w y - T + w * B
2 2 rn 2 w y - T1
andf y ~ y 1 + c
T1 = W *Y' + w 'c 
Nov/ at the supports,
iy = d and T - T , (the tension at the support)3
T ~ w . d + w c c s
T ~ T + w.d * . * . ° c - 13s
For very small sags (d/'l< 5%) , the term w.d may be neglected 
in comparison with T and thus, under these conditions the 
tension is approximately uniform throughout the conductor..
During service the conductor will be subjected to 
forces due. not only to its own weight but a3 so to wind 
pressure of various strengths and, in cold weather , to ice 
forming a cylindrical sheath around the conductor,.
Under such conditions the forces acting on each unit 
length of wire are, the weight w acting vertically downwards 
the weight per unit length of the maximum coating of ice 
likely to form round the conductor, this also acting 
vertically downwards, and the wind pressure per unit length, 
this pressure being assumed to act horizontally,.
Denoting the ice-loading per metre run by W., kq, 
and the wind pressure per metre run by p, the resultant 
thus being.
Ef£ects o£ climatcolcgica 1 _ codc. 11ic-ns
Under such conditions the value W must be substituted 
for w in the equations previously obtained.
Since the conditions of wind and ice loading vary 
from time to time, in practice certain standard conditions 
for the purpose of calculation are laid down. These standard 
conditions specify the value of wind pressure for different 
ranges of the transmitted voltage. They also deal with the 
uncertainty regarding the effective wind area of a circular 
wire, by specifying the projected area for different ranges 
of the conductor diameter. Furthermore, other factors are 
specified to take into consideration the type of conductor, 
smooth or stranded etc.
+ p2
In practice the surrounding conditions when the line 
is erected will usually be very different from the wind and 
ice values as specified in the regulations and the problem 
is to determine the sag, and therefore the tension,- under 
the erection conditions which will ensure the required 
factor of safety being obtained under the prescribed wind 
and ice conditions.
There is, in addition, a second condition to be fulfilled 
which isf when the sag is maximum the minimum height of 
the conductor shall not. be less than that specified in the 
regulations, the appropriate figures for the various voltages 
being as given in Table C-i.
The starting point for the calcu.lat.ion is the wind and 
ice conditions, since for this case only the factor of 
safety is specified. For the length of wire in the span 
under wind and ice conditions we have from equation c-12.
Erection Conditions
The suffix 1 refers to these conditions and suffix 2 
to the conditions at the erection temperature and with no 
wind or ice. If the conductor is slackened off, the
there will be an elastic contraction whose magnitude will foe 
govered by Young's Modulus of the material of the conductor.
1
2
c - 14
tension T^ will be reduced to zero and in consequence
The amount of this contraction will be given by the
Therefore r for the unstressed length of the conductor at 
the same temperature we have?
r. Z V \  - . - I'la' ~ zi  aTe" “ ai*<J- ” 'STe '1
If the line is erected at some temperature higher 
than the minimum temperature specified in the wind and 
ice conditions, then the unstressed length of the conductor 
in the span will be r
B" = S c (1 + a t)
where ,
co. is the coefficient of linear expansion per G°.
the increase in the temperature over the minimum 
rree <>
Now under tension and at the temperature corresponding 
to the rise of t°c, i.e. under erection conditions, the length 
of conductor, in the span must be,
rn
ft 2 " hn (.1 + )
but, 2 ~
T0 - I .w ^ L w
2,.d'2 ~ 87d2
n _ ry 1) / T < b »W )
2 ~ * ah 8:A7iTd2
Since, 4 a2 _ 8 d?_2
2 “ 2.L2 + A + 3 * 1 “
L + | • J2- - #■ (1+ )3 L 8*A,E«d2
This is an equation in d^ which reduces to
2
d93 + | L . (B"-L).d2 - = 0 .... c - 15
The quantity I?" is given by..
B" = & ■ (1- "1 ) (1 + at)
a 7e
_ , ,  . 'x  i(’i -f- at )v A . E
T
= L.( .1 + y/lL2 ) . ( 1 + at - )o/i f j- A»J!»Zl- J.;(
This is the unstressed length of the line at erection* 
the stressed length when subjected to a tension Tr> may be 
vj.rit.ten in the form*.
T0
B - B". (1 + -£■ )z
A.E
n r  . . . . n '.2.2 x 1 2L« (X •+ w '“L /„) o (1 + at — — * * * c ■* 15 
2 4T ^ "
But
8 CV
82 " L + ! * - L -    c - 17
2and d v / ® J h  
8. T“
d® 2 22 .. vr id
L 64,T22
from equation c-17 ,
y2r 2.
B2 = L ( 1 + Y ~ —  2)....... c - 18
Equating c: - 16 and c - 18 we have
2„ 2 T, - T 2 _  2n « w L 9 \ / -j i ,M 1 2 _ , w .u 0( 1 24 *Tj )•( 1 etc A<E ~ - 24~T 0
In the practical case all the terms in the above equation 
are either equal to 1 or are very small in comparison with 
1 and we can write?
2.
' 24«T-j ' A.E * 1 2T7t 2
which reduces to ,
2.r 2 O to
T2J + {A . E 2 + at ) -T] ) T?2 - — 0
This is a cubic equation in
As an alternative, the new value of sag, , may be 
found in terms of , the method being based on the concept 
of critical temperature, which may be defined as that 
temperature which, under conditions of no wind and no ice, 
gives the same sag as under the basic wind and ice loading 
at the minimum temperature. Using the suffix e for the 
conditions at the critical temperature it is clear that,
d « cL c 1
W < L2 __ r2c 17. L  • g-ajr
c 1
WT = c , T n
C  s r *  1w
Elongation due to the temperature rise of (t + tm^ )
It« 01 < (t *i’ t . )c mrn
T • to T — E. ( rp —rp )-L c A.C  ^ ‘ 1 c/
These two quantities should be equal since the sag 
is unchanged f
Contraction due to the reduction in the tension from
.Lj
a Vb (T.f ~ T ) - I> a (t + t . ) i c a m m
(t -I- t , ) » ~  (T, - T )c m m  cxaE 1 a
T
1
AJit a
W
(1 Cvw ;
Assuming that the line is erected at some other temperature 
t o, and under no wind and ice loadings> the calculations of 
the .sag at erection# thus involve changes in temperature and 
tension only but not in w. Assuming that t is less than t 
the decrease in length due to temperature change is:
ft a (t ~t) c c
the increase in length due to the increased tension is#
ISL (T--T ) ~ ~ ~ Tl)AE u c v rn ' '
the elastic increase
ft T ,d . ,c c ( C - 1)
A.E d '
The change in length is thus:
Z T ,d , ,„ /, . v c c ( c “ 1 )ft a (t -x.) - c c A«E d
8. fi.2 S.d2
But, B ■= L + ---S.. and S = L + =—c 3 * L 3*Ii
• u. c,
The change in length thus being given also by:
o , 2 .2 ,to- (o. — d )
3 o
Hence, we have-;
0 f, 2w (<b o C B {a (t -t) c c
T d
7  x *'T'Airi (-q - 1 )}
As an approximation we can substitute L for B giving
(d a (t t)
aa
u 1 ) 20
The above is an equation for the. value of sag at any 
temperature t.
Meehanleal loads acting on the conductorc 
and earth wires
The conductors and the earth wires of an overhead 
transmission line are subjected to the action of mechanical 
loads applied in the vertical direction (own weight of the 
conductor and the weight of the ice-crust if any) , and those 
applied in the horizontal direction (wind pressure).
Prior to the discussion of the specific loads, it 
should be noticed that the increase of the wind pressure 
caused by higher disposition of either the conductors or the 
earth wire above the earth.surface, is achieved by introducing 
the factor "K". Different values of "K" are represented 
in Table c-ii <
Specific loads will always be introduced while
calculating the stresses in the conductors and earth wire,
2these are the loads which act. on the cross-section in (mm') 
of a conductor with a length of 1 meters
Table O i l
h incp Up tC)15
20 30 40 50 60 70 100
K 1 . 1.35 1.57 1.80 1.87 1.94 2.0 2.20
where;
h  -  i s  t h e  s p e c i f i c  h e i g h t  o f  t h e  c e n t e r  o f  g r a v i t y  o f  t h e  c o n d u c t o r . c p
h  ~ h  , -  ?r f  ms c p  mh 3
h  ~ m edium  h e i g h t  o f  t h e  p o i n t  o f  s u s p e n s i o n  o f  t h e  c o n d u c t o r  m s. 
f  -  t h e  b i g g e s t  c o n d u c t o r  s a g  m s.
Table C-i.il
V‘'/16
a
27 35 40 45 50 55 65 70 80—125 or no:1?
0.91 0,85 * 817 .783 *75 
_____
*725 . 713 * / v./
- weight of 1 Km length of the conductor..
S actual cross-section area of the conductor (mm")
b *- Specific .load caused by the ice^ crust
Since the conditions of ice loading vary from time to 
time, in practice certain standard conditions for the 
purpose of calculation are laid down in the governing 
regulations, these standard conditions take different 
values according to the climateological conditions in 
the locality of the transmission line. The standard 
conditions specified in the British code of practice are 
stated as an example*
For voltages exceeding 650 volt direct current or 325 
volt alternating current, a radial thickness of ice of39 >6 mm, the ice assumed to have a mass of 915 kg/m ; and 
a temperature of ~ 5„5°Cc Under these conditions the 
factor of safety shall be 2, Figure C-B.
2 2y0 «= (it x (R + t) ' - ir x t' ) o 915 /S 
where
R - radius of the conductor mm. 
t -- thickness of ice mm
2S - actual cross-section area of the conductor (mm ) 
c - Specific load caused by the wind pressure:
factor to take into account the uneven wind 
velocity along the span. The values of a are 
presented in Table C-iii.
aerodynamic factor equal to 1 , 1  for conductors with 
diameters of 20 mm, and more, and equal to 1 ,2  
for conductors with diameters up to 20 iniru
wind velocity ( m/sec)
Conductor diameter ( nun)
2 60.
Determination of the air gap clearances for 
suspension towersj
The distances from a deviated conductor to grounded 
parts are checked in three different conditions®
1* The biggest operating voltage, the climatic
1 conditions are as followss-
maxirnum wind velocity head max ( v v max) 
air temperature ( t ~ n)
2. Internal over voltages, the climatic conditions 
are as follows;
v - .52 v max? ( t •- t average annual)
3® Atmospheric over voltages, the climatic conditions 
are as follows:
v = 10 m/sec? t « + 40°C*
These distances should not be less than those given 
in table C. "iv. . Besides, the clearance from an un-deviated 
conductor to the tower body should be considered (according 
to the man climbing the tower condition, while the line is 
under voltage)* This distance should not be less than 
those given in Table C-v.
For the calculation of the value of a string deviation 
in the case of a suspension tower under the influence of 
wind we have to take into consideration the most unfavourable 
combination of the weight and wind spans®
The wind span (& ), is the span from which the wind 
action is transferee!, to the tower. The weight span (£ ) , is 
the span from which the conductors weight is transfered to 
the tower.
FIGURE C-C
Table C-iv
Minimum air gap clearances between current carrying 
conductors and grounded parts.
Condition &J Voltage (K.V.)35 C6 110 132 150 220
1 10 17 25 30 35
----
55
2 *2 30 55 80 95 110 .160
3 **3 40 70 100 120 140 200
Table C-v
Minimum air gap clearances between the 
undeviated conductor to tiie tower body - man 
climbing condition
Y  *
Voltage (K.V.)
35 66 110 132 150 220 330
■ 1.5 1.5 1.5 
_______ . . .
1.7 2.0 2.5 3.5
The most unfavourable combination occurs in a 
situation as the one shown in Figure 0 d»
The load'on Tower (2) Figure C-d, due to the 
conductor weight is given by the formulas-
G (1, 2 f 3) = Gn + Gr « (£l"“ ”4--(lf 2, 3) )•{•■ ( £ 2 ^ ™ ( l , 2 f3) ).P --K;3
cc. “f y
c - 21
75 . . P, + Gr
2
Similarly, the load on tower (2) Figure C.d, due to 
wind pressure on the conductors is given by the formulas
I-,
P (1,2,3) «= P 11 + P 1 = ( ~  -4 )cP n +0.7. F, q (1,2,3) ..n w w w 2 a w 1 hi
..co c - 23
- 1 .05 £design P. n + 0.7. F. q, (1 ,2,3) .nw J. * n
.... c - 24
P (1) P (2)j8 ina.Lly, tg ex^ ' rg ci2 —
P (3)
and tg « 3 = 5-755-
where?
I-h - conductor own weight
F.| - area of the insulator subject to the wind pressure 
r Figure C--E. 
n - number of insulators in a string.
G1 - Weight of the string
P n ~ Wind load on the conductor kg/m
2q - normative wind velocity head - v J
16
FIGURE C-E
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Where the indices 1,2 and 3 in the equations 0-21 
and 0-23 refer to the previously stated voltage conditions
The wind load on the conductor P 11 - S.Y.,w 3
where %
S - the conductor cross section area ram
the specific wind load caused by wind
0 ? pressure on the conductor kg/m mm'".
In the case of suspension towers, where the conductor; 
are fastened to suspension clamps, the resultant tension 
acting on the insulator at the fastening point is equal to 
zero. Hence, following the optimization process where 
higher disposition of the cross arm is taken into considera' 
the boundaries of the feasible geometric manifold are 
shifted vertically without changing the domain of the 
feasible region*
Determination of_ the air gap clearances for anchor 
and anchor angle towers;
In anchor and anchor angle towers, the conductors 
are fastened to the string of insulators A--C or B--E, Figure 
C--F, by tension clamps, Accordingly, the strings of insul 
will be acted upon at points A and E by a force equal to 
the tension in the attached conductor. This force will 
cause the string of insulators to deflect from the vertical 
position. Naturally, the electric power needs to be 
transmitted between the points A and E Figure C-F, and 
for this purpose an additional conductor is connected betwo 
these points (usually it is called the jumper). As in the 
case of suspension towers, the air gap clearances will be 
checked under the previously mentioned voltage conditions, 
the biggest operating voltage, the internal over voltages 
and the atmospheric over voltages.
F
A-F-E -  th e jum per
Side View
FIGURE C- F
According to the fact, that the string of insulators 
will deflect from the vertical positionf then the deflected 
position should first, be calculated; then the air gap 
clearances will be checked. To calculate the average 
deflected position h, we take the average of Ah ■> and Ah^ 
Figure C”F,
Ah.j + Ahp
wheres
Ah(l,2)" Xs:ina (1,2) * „ * . c - 25
A - the length of the insulator string®
a*..  ^ the angle of deflection of the insulator 
' strings in the two adjacent spans*
. . .  ’> f' (/a (2 ^ 2}- tg -- {Y fweight + T ~ q y ) }  c .. 2 6
Y ~ the resultant specific load acting on the 
conductor for the voltage condition under 
consideration.
pweight - the weight span - .75 x L, . ms®" J L aesxgn
n - number of conductors per phase*
q - cross section area of the conductor*
G“ - weight of the string of insulators*
a - stress in the material of the conductor.
To fully define the position of the deflected strings 
the distance a is also needed Figure OF.
a = A cos a * sin a 0.7(1 or a ) c - 2 7
a - the turning angle of the route®
In equation c - 27 the largest angle, of deflection 0/ 
or should be used.
2The jumper is fastened to the tension clamps without 
applying tension to it. Therefore the jumper, acted upon 
by the wind pressure and its dead weight will swing, 
the angle of swing 0, Figure O-F, should be calculated as 
follows,
W  8 (1,2,3) -   0 - 2 8O *3
where s
Pw-j - the wind force on the jumper due to
wind pressure, it is calculated in the same way
„  n as Pw *
G„. - unit own weight of the conductor kg/m
It is to be noticed, that, following the optimization 
technique, where higher dispositions of the cross-arms 
are considered and where a reduced value of the tension in 
the conductor is considered, the domain of the feasible 
region should be amended.
This is due to the fact, that following a reduction 
in the value of the tension, the angle of deflection of the 
insulators strings will decrease.
Consequently, the horizontal deflection of the string 
of insulators, a, will increase as can be seen from equation 
c - 27. This implies an increase in the length of the 
cross-arm and amendments in the domain of the feasible 
geometric manifold ,Figure c-D.
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The compression formulae used by various designers
(96'for A.. 7 steel are as follows. '
F « 16200 ” 60* p , s * .1 . D.la r L
i m x , value 12600- used for bracings
F - 17000 - .485 (™)2 p.Sci D.2a r  J-
for L < 120  r
F - 18000 (320 - L/r) . _a      p . 8 . x . D .3
J- *T sLj
ISOOOr2
for L > 120  
r
F « 23600 ~ 80.“ p.s.i p.s.i D.4a r
max value 19000 - used when designing suspension tower 
main legs.
F « 36100 - 122.™ p.s.i D.Sa r ^
max. value 30000 - used when designing tower legs under
emergency operating conditions„
F « 32000 - 130 ™ p.s.i D .6a r
max. value 22000 - used when designing suspension tower
main legs.
F 27000 - 115 - p.s.i D.7a r
max value 18500 ~ used when designing anchor angle tower
main legs.
24000 - 70® p o s * i Dc 9
for k < iso r
F «= 3000 - 100 ~ p * s ® i D * 10a r
F « 38000 - 165 -■ p.s.i D. 1 1a r -c
max® value 30000 - used for values of L < 150
r
F « 28000 - 100 ~ p*s.l Dc12a r
to be used for values of >150r
f - 2,2000■" a   "7 2 p.s. j. D * 13 21500);
max value 17600 to be used in the case of suspension 
towerso
^ 20000
a ~ \ . r2 p.s.i D .14J. *r .!
15000r2
max value 16000 - to be used in the case of crossing towe
While the variety of compression formulae used for high 
strength steel are as follows:-
Fa « 43000 - 170 c r p.s.i D 815
to be used for values , -  3. . iof -- r < 150
F_cL ” 39000 - 145 ~ p r • s. i D* 16
to be used for values , Lof — r > 150
2 70
F ~ 33150
til.
Ii150 p s . .1 r •XI?
m a x v a 3. ue. 2 4000 *
F ~ 3 4 0 0 0  - 1 4 0  p. s.I Do 18
a  x
m a x, v a lu e  2 5 0 0 0  •- to foe used for v a lu e s  of < 1 5 0r
F - 5 0 9 5 0  206  ~ p.s.i D. 1.9a* r *
Weix v a  1 u e  2 7 5 0 0 .
F - 40000 » 1.3 (") p.s.i D.20a  r
to foe used for values of ™ between 44 and 113
40000 0 .F ~ — - , 2 p. s. a. D.21a r- + 10500
to foe used for values of between 114 and 200.3:
A P P E N D I X  E
Structures of least voluma of Mater;l a.l
The problem can be defined as follows s given the 
applied forces, their points of application and the layout 
of the pin •■■jointed frame work whose nodes include the points 
of application of the. given forces and the points of support 
and whose elements form a stable structure, find the members 
cross sectional area which will safely transmit the given 
forces to the given supports and make the volume of material 
in the structure a minimum.
The applied forces may be thought of as embracing 
ail components of force (including zero components), acting 
at ail the nodes of the framework, excluding only component 
forces of constraint* This set of applied force components 
can be denoted by F
F . (j s“ 1 ,2  , ,  n)
Member forces r.th (± = l,.,.,m) in the m members of 
the framework and forces of constraint at the supports can 
be found to balance the given set of applied forces F_. .
An independent set of nodal equilibrium equations can 
be written in the form ,
m
Z K . . T . = F . , j = 1, . . . , n E ~ 1i = 1 :i;] :L J
where K.. is determined by the direction cosinesij
of the members of the framework.
The areas of cross section of the members of the
that ,
structure A , (1 = 1 , , . . m) are to be selected such
1 = 1 , *.*, m E - 2
and
= f A . L . .... E
1 = M ;l 5
is minimized
If the structure defined by A,^  is to transmit, the
forces F.. safely to the supports, the stresses corresponding
to T, must, be restricted in magnitude, Let the "allowable x
stresses" for the chosen material be oy, in. tension and o'T c
in compres s ion * Then,
T.  ^am A. , - T. a A. f i =-■= 1* m E - 4x ~ T x x c x
Mathematically the problem is that of minimizing 
V of (E-3) subject to the constraints (E.l, 2,4)
The relations (El -4) ran be made non dimensional by 
taking I! proportional to F (a typical force), rth to F, 
arj1 and a to a ( the mean of o^ ,. a ) , A. to F/cr, (L^ ) 
to L (a typical .length) and V to FL/oy This means that
the best material .is that with the largest a. If a
structure of least weight is required* then p V must be a
minimum, where P is the specific weight of the material, and 
so the best material is that with the greatest "specific 
stress" o/p
The relations (E~4) may be replaced by
T . + 2T . " « om A . x x T x
“ T . + 2T. -o' A . . * . * * * . * * E-5X X C X
T . ’> o and T , o, i 1 * , * . , m x x f r
! Hwhere T. and T, are slack variables, the first two of x x  -
E~5 may be solved to give
7 7 ?
, . - (T . f + T , " ) /a r T .X 1. .1 2 ( O ' r E ..-n T . )/e F.
where
a ( o' + o' ) /?. . . 000 E . 7T c '
substitute from B 6 into El and B3 the problem has a new 
form?
m ,
minimize V -■ )J (T. 11 + T. ) L,/o‘ «... E s 8j _ •[ 2 -l- 3-
subject to
n 
E. 9
E . 10
Equations (E.8,9,10) define a problem of linear programming.
The simplex method provides an analytic solution to the linear 
programming problems.
The discussion of the nature, of linear programming 
problem, and the simplex method is beyond the scope of this 
section. Although the simplex method is well developed and 
many standard routines are available in linear programming 
text, books, it was decided not to implement it at. this 
preliminary stage of the work to preserve the overall efficiency 
of the mixed optimization technique.
ni
2 K,, <am T. - a J V ’)/a j « Ir
1=1
and t ftT. ,T. A o i = 1, . mi. i
A P P E N D I X  F
Computer^jbnplementstion^o'fjthe deyeloped 
mixed optimizatjon procedure (basic e<
The optimization procedure presented In this work is 
concerned with solving the structural optimization problem 
of self-supporting transmission towers. As mentioned
earlier the developed procedure has an arbitrary interacting 
nature and thus rightly belongs to the category of multi­
level multi-stage optimization techniques.
This appendix was not intended to stand as a user's 
manual for the procedure, but to represent its broad lines 
and characteristic features, since the organization of the 
procedure did itself fall into the realm of the problem.
I, Purpose
This procedure finds as many as required of the local 
optimum solutions of the multi-variable weight function, 
chosen as a criterion function, and subject to sets of explicit 
and implicit constraints.
2 * Method
The procedure is based on the idea of dual design 
spaces, where the design variables a3?e decomposed into groups 
and a separate technique is used to optimize each. Decisions 
taken and operations related to each space are controlled 
by separate master planners, in this formulation the system 
master planner DYNSST and the sub-system master planner 
DYNSRS, Figure F-A.

2 7 6 «
A multistage incremental complete enumearation 
searoJi within specified geometric limits was used to optimize 
the basic design parameters which define the basic geometric 
configuration of a stage, while a more particularised 
approach based on the concept of ground structures and the 
theorems of structural variations was used to optimize 
the internal topological configuration of the panel. The 
sub-system master planner DYNSBS controls the operations 
carried out and the decisions taken in the second level of 
the optimization procedure where the internal topological 
configuration is investigated. The master planner DYNSST 
controls the operations and decisions in the first level 
where the basic geometrical configuration of the panel is 
investigated, while controlling the decisions taken for the 
whole procedure as well.
. Positive and negative feed back of information between 
various components of the procedure and the interaction 
between the two master planners is an essential feature of 
this self adaptive procedure.
3 * Prograin descrlptlon
The program is charact.eri.sed by two modes of operation, 
which are controlled by the logical parameter MODE. If MODE 
is true the program generates the basic geometrical and 
topological configurations of the first feasible design, 
according to the approach described in section 4*3 .1. The 
program will activate a set of input statements to read 
the provided basic geometrical and topological configurations 
if MODE is false. The definition of the first feasible 
design means that the sequence of different types of units 
are defined as well, and these types are defined by 
assigning the numbers shown in Table F-i, to the variable 
TYPE.
2 77.
T A B L E  i
Type of 
; unit *
CEARM CHANGE GW TYPE
| a F TnJL' F 1
j b T F F 2
t c T rn,i F g
| d F F T 5
I a 1
_______________
F F F 4
see F igure 4-17.
The basic geometric and topological configurations of 
the sequence of different units, are calculated by calling 
the subroutines ROMBIC, CROSS and FNDNJT <, These subroutines
function in different modes of operation according to the 
type of investigated unit, Figure 4-17, and the level of 
optimization. Their mode of operation and the type of 
operations are controlled by the logical parameters 
MSTG, CHANGE, CRARM, GW, and the variable TYPE. If the 
logical parameter MSTG is true, this means that the above 
mentioned subroutines will be used in the first mode of 
operation, which generates the basic geometric and topo­
logical configurations of a panel. The other parameters 
and the variable TYPE are used to define the type of 
operations carried out within each subroutine according to 
the type of unit, e.g., panel (a) Figure 4-17, is defined 
by the following combination of parameters, MSTG = .TRUE., 
CRARM = .FALSE., CHANGE = * FALSE. , GW = FALSE, , and TYPE = 1, 
other combinations of parameters needed to define the 
remaining types of units are shown in table F-i.
In addition, other logical parameters were introduced 
to control the function of subroutine COORD, where the cartes 
coordinates are calculated,e. g, in the case, of anchor and 
anchor angle towers the requirement that the tower should 
have a square cross section is fulfilled by the logical para­
meter SQRRr
The pattern of connecting members and their relative, 
nominal cross sectional areas, are selected by subroutine 
PRGRSTo The selection is based on the type of the unit 
and the type of the member, e.g., whether it is a main leg 
member or a bracing member.
The following step is to generate the boundaries of 
the feasible geometric manifold according to the approach 
described in section 4.11.1. The generation is carried out 
by s ubroutine BNFGMN.
The steps taken so far are preparatory ones, where 
the setting up for the procedure is made and the.' necessary 
information is prepared in a way suitable to the adopted 
method of optimization.
An important step to be taken prior to initiating cho 
optimisation algorithm, is the selection of the independent 
and dependent design parameters according to the typo of 
tower being studied* The selection is made according to 
the reasoning represented in section 4*11*9+
Following the selection, the characteristic features 
of the panel are then checked, e.g., the freedom to change 
the cross sectional area of the leg members and their 
orientation« If the change is not permissible and the
design conditions of the members can not be improved by 
controlling the number of divisions, the shuttle procedure 
described in section 4.11.3, will be followed and the 
necessary amendments are carried out by subroutine SBUTL.
The ranges of the relevant DO loops are adjusted 
according to the minimum and maximym boundaries of the 
feasible geometric manifold, which are taken as a certain 
ratio of the first feasible design. The ratios are defined 
by the user, however in the case of default the program uses 
the figures .5 and 1.5 which can be conservative in certain 
cases. The number of investigated points within the range
should be defined by the user, however, it should foe mention a. 
that a maximum number of five points can foe specified for 
any independent state parameter.
Once the program starts changing the value of the contro 
variable of the relevant active DO loops, the cartesian 
coordinates of the relevant joints are changed, and the 
geometric configuration is checked in order to establish 
whether it fulfills the arbitrary geometric limitations, if 
not the geometric combination is rejected. The arbitrary
limitations were discussed in section 4.11.10. A further 
check is carried out in the case of a cross arm panel, having 
changed the value of the tension in the material of the
30 *
conductor in accordance with the increase of the height of 
the cross arm, as explained in section. 4*11*3, the boundaries 
of the feasible geometric manifold in the vicinity of the. 
cross arm are'amended accordingly* The. amendments in the
value of the conductor tension are controlled by subroutine 
SAGSTS f while those in the boundaries of the feasible 
geometric manifold are carried out by subroutine AMNDGM.
To complete the investigation of a panel in the 
first level of optimisationf the routines for stress analysis 
are called. The. cidopted method for the stress analysis 
was discussed in Chapter 3* However, from the organisa­
tional point of view the following steps are taken: first
select the skeletal structure that will be assumed to 
support, the panel and simulate the restraining effects of 
the actual supporting substructuref the procedure for the 
selection was discussed in Chapter 3; Second the 
resultant force due to wind pressure is then estimated 
according to the first of the two methods mentioned in 
Appendix A? Thirdly, the overall stiffness matrix is 
assembled, and the vector of the externally applied loads 
prepared* Finally, the maximum values of member forces 
are obtained using subroutine DESIGN, where the feasible 
number of divisions necessary to reduce the slenderness ratio 
of the main leg members just below its limiting value is selected.
The volume of the material is then calculated using 
subroutine VOLFNC, and a better estimate of the own weight 
of the panel is arrived at®
The pane! is then investigated in the second level of 
the optimization procedure® The initiating command to the 
subsystem master planner DYNSBS is SMPL~ .FALSE.
The same sequence of subroutines ROME I Cf„ CROSS and. 
FNDN.JT are used in their second mode of operation which is 
controlled by the logical parameter MSTG ~ .FALSE®
The subroutines in this case generate the topo.logical and 
geometrical configurations of the panel ground structure.
The generation is based on the basic geometric and topo­
logical configurations generated, in the first level, and 
the selected number of feasible divisions. The pattern of
generating the ground structure was discussed in section 
4.11.11. A special subroutine CONFGR was needed to 
generate the geometric and topological configuration of the 
sequence of horizontal diaphragms for computability with 
the topological and geometrical configurations of the facial 
trusses„
The overall stiffness matrix is then assembled including 
the effects of the additional members forming the supporting 
skeletal system.
The groups of members to be used in the investigation 
of the internal topological configuration, are prepared.
The sequence and pattern of members to be investigated 
were discussed in section 4.11.11* The resultant of the 
wind pressure forces is then estimated using the more 
accurate formula represented in Appendix A.
This will be followed by the preparation for the 
application of the theorems of mathematical variation.
The investigation is controlled by subroutine PRPMTR, and 
subroutine PLNTUL is used to prepare the additional right 
hand sides in the load vector according to the groups of 
members to be investigated.
After obtaining the complete sets of member forces, 
the variation factors for the investigated members are 
obtained according to the exact approach represented, in 
Chapter 5.
The new member forces are then calculated and the new 
design lengths of the remaining members are calculated by 
calling subroutine. PRGRST. The cross-sectional areas of the 
members are calculated within the members stress constraints 
and the joints deflection constraints if any.
T h e  v o lu m e  o f  t h e  m a t e r i a l  i s  t h e n  e s t im a t e d  a n d  c o m p a re d  
w i t h  t h a t  o f  t h e  p r e v io u s  t o p o l o g i c a l  c o n f i g u r a t i o n  i n  t h e  
s e q u e n c e  o f  i n v e s t i g a t i o n .  I f  t h e r e  w a s  a n  im p r o v e m e n t  i n  
t h e  w e ig h t  t h e  i n v e s t i g a t i o n  i s  a l l o w e d  t o  c o n t i n u e ,  i f  n o t  
t h e  r e s u l t  i s  t a b u l a t e d .
The sequence of panels is investigated, in the order 
shown in section 4.11.13, then at: the final stage -the 
decision is made by the system master planner DYi\'33T, on 
the sequence of the required local optimum designs and 
their geometric and topological configurations are traced back 
an d p r i n t. e d *
